REPORT  DOCUMENTATION  PAGE 


Form  Approved 
0MB  No.  0704-0188 


Public  reporting  burden  for  this  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources, 
gathering  and  maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this 
collection  of  information,  including  suggestions  for  reducing  this  burden  to  Washington  Headquarters  Senrices,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson 
Davis  Highway,  Suite  1204,  Arlington.  VA  22202-4302,  and  to  the  Office  of  Management  end  Budget,  Paperwork  Reduction  Project  (0704-0188).  Washington.  DC  20503. 


1 .  AGENCY  USE  ONLY  (Leave  blank) 


4.  TITLE  AND  SUBTITLE 


2.  REPORT  DATE 

Dec  3,  1998 


3.  REPORT  TYPE  AND  OATES  COVERED 


Final  Technical  Report  June  1995-Aug  98 


Identification  of  Proteins  that  Participate  In  Bacterial 
Adhesion 


5.  FUNDING  NUMBERS 


G  N0014-95-11086 


6.  AUTHOR(S) 


G.G.  Geesey 


7.  PERFORMING  ORGANIZATION  NAMES(S)  AND  ADDRESS(ES) 


Montana  State  University 
Bozeman,  MT  59717 


8.  PERFORMING  ORGANIZATION 
REPORT  NUMBER 


9.  SPONSORING  /  MONITORING  AGENCY  NAMES(S)  AND  ADDRESS(ES) 

Office  of  Naval  Research 
800  N  Quincy  St. 

Arlington,  VA  22217 


11.  SUPPLEMENTARY  NOTES 


10.  SPONSORING /MONITORING 
AGENCY  REPORT  NUMBER 

Not  applicable 


19990127  033 


a.  DISTRIBUTION /AVAILABILITY  STATEMENT 


Distribution  Unlimited 


'iZ,  ABSTBACJ  (Maximum  200  words) 

Bacteria  from  diverse  habitats  in  the  marine  environment  adhere  to  inert  surfaces 
through  extracellular  polysaccharides  following  initial  contact  with  the  substratum. 
Although  proteins  may  also  participate  in  the  initial  adhesion  process, 
polysaccharides  are  the  most  obvious  structures  anchoring  bacterial  cells  to  surfaces 
after  the  initial  contact  event.  A  biofilm-forming  marine  bacterium,  Hyphomonas  strain 
VP-6,  produces  two  separate  adhesive  surface  polysaccharides;  a  temporally 
synthesized,  polar,  neutral  or  positively-charged  holdfast  molecule,  and  a  negatively- 
charged,  capsular  molecule  which  surrounds  the  cell.  Another  biofilm- forming  marine 
bacterium,  Hyphomonas  strain  MHS-3,  produces  a  single  adhesive  polysaccharide,  which 
surrounds  the  main  body  of  the  prosthecate  cell,  and  is  synthesized  only  at  cell 
reproduc^on  stages.  Capsular  polysaccharides  produced  by  these  bacteria  also  serve  as 
the  matrix  for  biofilm  development.  MHS-3  also  produces  proteinaceous  polar  fimbriae, 
which  may  tether  the  cell  to  the  substratum  during  initial  contact,  but  is  not  used  as 
a  holdfast  during  later  stages  of  cell  adhesion  after  excretion  of  adhesive 
polysaccharide.  VP-6  also  produces  polar  fimbriae,  which  may  participate  in  adhesion. 
In  addition,  VP-6  produces  a  polysaccharide-associated  64-kDa  protein,  the  function  of 
which  remains  unclear.  A  molecular  level  approach  to  biological  adhesion  to  solid 
surfaces  in  seawater  medium  offers  a  level  of  understanding  of  biofouling  not 
previously  achieved  through  cellular  or  population  level  studies. 
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OBJECTIVE :  The  research  was  undertaken  to  achieve  a  better  understanding 
of  the  molecular  mechanisms  of  bacterial  adhesion  to  solid  surfaces 
submerged  in  seawater. 

APPROACH :  Biofouling  of  surfaces  was  evaluated  in  situ  at  deep-sea 
hydrothermal  vents  and  under  highly  controlled  laboratory  conditions. 
Reduced  adhesion  mutants  of  model,  primary  film-forming,  marine  bacteria 
were  isolated  and  their  cell  surface  properties  compared  with  those  of 
wild-type  adhesive  strains  using  High  Performance  Size  Exclusion 
Chromatography  (HPSEC)  followed  by  conventional  biochemical  assays, 
transmission  electron  microscopy  of  thin  section  and  negatively-stained 
bacterial  preparations,  Time-of -Flight-Secondary  Ion  Mass  Spectroscopy 
(ToF-SIMS) ,  attenuated  total  reflectance  Fourier  transform  infrared 
specroscopy  (ATR/FT-IR)  and  X-ray  photoelectron  spectroscopy  (XPS) . 

ACCOMPLISHMENTS :  Geesey  participated  in  a  French  Government- sponsored 
oceanographic  research  cruise  to  the  Mid-Atlantic  Ridge  to  study 
microbiological  colonization  and  fouling  of  surfaces  in  the  vicinity  of 
deep-sea  hydrothermal  vents  during  November -Dec ember  1995.  All  surfaces, 
ranging  in  composition  from  synthetic  organic  polymers  to  metals  and 
metal  alloys  such  as  copper,  titanium,  aluminum  and  stainless  steels, 
when  deployed  at  the  "Snake  Pit"  site  in  water  ranging  in  temperature 
from  5-20°C,  became  rapidly  colonized  over  a  12 -day  period  by 
hydrothermal  vent  microbial  populations.  Succession  of  microbial 
populations  over  the  12 -day  period  was  determined  by  surface 
phospholipid  fatty  acid  (PLFA)  extraction  and  analysis.  Filamentous, 
Thiothrix-like  bacteria  containing  C18:l*7  PLFA  were  found  to  dominate 
the  community  of  both  early  and  late  colonizers,  regardless  of  surface 
type.  The  cell  proximal  to  the  surface  excreted  a  holdfast  of  fibrous 
material  that  anchored  the  entire  filament  to  the  substratum.  This 
holdfast  material  resembled  that  excreted  from  the  polar  region  of  cells 
of  a  Hyphomonas  strain  (VP-6)  isolated  from  the  Guaymas  hydrothermal 
vent  region. 

The  holdfasts  of  two  bacteria  known  to  be  primary  colonizers  of 
surfaces  submerged  in  seawater  were  identified  and  characterized. 
Hyphomonas  strain  VP-6  adheres  to  solid  surfaces  as  a  first  step  in 
biofilm  formation.  Fine-structure  microscopy  and  the  use  of  specific 
stains  and  lectins  revealed  that  it  synthesizes  two  different 
extracellular  polymeric  substances  (EPS) .  One  is  a  temporally 
synthesized,  polar  holdfast  and  the  other  is  a  capsular  structure  that 
surrounds  the  entire  cell,  including  the  prosthecum,  and  is  present 
during  the  complete  life  cycle  of  the  organism.  The  timing  and  location 
of  EPS  elaboration  correlate  with  adhesion  to  surfaces,  suggesting  that 
the  EPS  serves  not  only  as  the  biofilm  matrix  but  also  as  a  primary 
adhesin.  The  temporality  and  polarity  of  VP-6  EPS  expression  differ 
substantially  from  those  properties  of  EPS  expression  in  another 
Hyphomonas  strain,  MHS-3 . 

Hyphomonas  strain  MHS-3,  another  primary  colonizer  of  surfaces 
immersed  in  seawater,  synthesizes  two  structures  that  mediate  adhesion 
to  solid  substrata;  capsular  polysaccharide  and  proteinaceous  fimbriae. 
Specific  stains,  gold-labeled  lectins,  and  monoclonal  antibodies,  along 


with  transmission  electron  microscopy  of  synchronized  populations, 
revealed  that  both  structures  are  polarly  and  temporally  expressed.  The 
timed  synthesis  and  placement  of  the  fimbriae  and  capsule  correlated 
with  the  timing  and  locus  of  MHS-3  cell  adhesion.  A  mutant  of  MHS-3, 
displaying  reduced  adhesion  to  solid  surfaces  also  lacked  the  capsular 
polysaccharide  present  on  wild- type  adhesive  cells. 

Aqueous  suspensions  of  MHS-3  wild-type  and  mutant  cells  with  reduced 
adhesion  were  evaluated  by  ToF-SIMS  with  the  intention  of  gaining  a 
better  understanding  of  the  chemical  differences  in  of  their  cell 
surface  properties .  The  spectra  of  both  preparations  were 
indistinguishable,  suggesting  whatever  differences  influenced  cell 
adhesion  were  not  present  on  cells  in  suspension.  Comparisons  with 
attached  cells  have  not  yet  been  made. 

A  molecular  level  approach  to  bacterial  cell  adhesion  to  solid 
surfaces  in  seawater  was  used  to  gain  a  better  understanding  of  the 
interaction  of  protein  and  polysaccharide  adhesive  components  of 
bacterial  EPS  at  solid  surfaces.  Surface  adsorption  behavior  of  EPS 
components  from  MHS-3  was  investigated  using  ATR/FT-IR  spectroscopy.  The 
protein  fraction  of  the  crude  EPS  (EPS^) (propanol  recipitated/extracted 
with  EDTA)  dominated  the  adsorption  onto  a  Ge  substratum.  Removal  of  the 
Protease  K  accessible  portion  of  the  EPS^  protein,  and  treatment  with 
RNase  and  DNase  yielded  a  polysaccharide  enriched,  hygroscopic  substance 
(EPS  )  which  contained  at  least  one  adhesive  polysaccharide  component 
which  adsorbed  relatively  strongly  from  dilute  solutions  indicating  a 
strong  affinity  for  the  surface. 

Conditioning  the  substratum  with  EPS^  diminished  adsorption  of  the 
polysaccharide  fractions  in  EPSp  and  EPS^  protein  was  not  displaced.  EPS^ 
adsorption  on  substrata  conditioned  with  EPSp  was  impeded.  However,  the'" 
projected  surface  coverage  of  protein  after  long  times,  based  on  an 
empirical  data  fit,  was  the  same  as  that  for  a  clean  substratiim.  The 
EPS^  proteins  did  not  displace  the  pre-adsorbed  adhesive  polysaccharide 
fraction.  SDS-PAGE  of  indicated  that  EPS^ proteins  were  a  selectively 
enriched  subset  of  total  cell  protein.  The  results  indicate  that 
adhesive  components  of  EPS,  with  respect  to  a  hydrophilic  Ge  surface, 
can  be  either  protein  or  polysaccharide  and  that  they  may  compete  for 
interfacial  binding  sites. 

EPSp  was  separated  into  four  fractions  using  HPSEC.  Comparison  of 
chromatograms  of  EPSp  from  MHS-3  and  a  reduced  adhesion  strain  (MHS-3 
rad)  suggested  that  one  EPS  fraction  (fr2ps) ,  which  consisted  of 
carbohydrate,  served  as  an  adhesin.  Adsorption  of  this  fraction  to 
germanium  (Ge)  was  investigated  using  ATR/FT-IR  spectroscopy.  Binding 
curves  indicated  that  the  isolated  fraction  had  relatively  high  affinity 
for  Ge  when  ranked  against  an  adhesive  protein  from  Mytilis  edulis. 
Mussel  Adhesive  Protein  (MAP)  and  an  acidic  polysaccharide  (alginate 
from  Macrocystis  pyrifera)  .  Spectral  features  were  used  to  identify  the 
fraction  as  a  polysaccharide  previously  reported  to  adsorb 
preferentially  out  of  the  EPSp  mixture.  Conditioning  the  Ge  substratum 
with  either  Bovine  Serum  Albumin  (BSA)  or  MAP  decreased  the  adsorption 
of  the  adhesive  polysaccharide  significantly.  Conditioning  Ge  with  these 
proteins  also  reduced  adhesion  of  whole  cells. 

That  a  protein  conditioning  film  could  alter  the  adhesive  binding  of 
purified  adhesive  polysaccharide  as  well  as  whole  cells  to  surfaces 
prompted  a  molecular  level  examination  of  the  interactions  between 
proteins  and  surfaces.  X-ray  photoelectron  spectroscopy  (XPS) ,  ATR/FT-IR 
and  atomic  force  microscopy  (AFM)  were  used  to  evaluate  MAP  film 
structure  on  polystyrene  (PS)  and  poly (octadecyl  methacrylate)  (POMA) 
surfaces.  The  chemistry  of  tiie  synthetic  polymer  surface  was  found  to 
have  a  significant  effect  on  protein-surface  and  protein-protein 
interactions.  The  protein  layer  on  PS  is  stabilized  through  interactions 
that  prevent  the  protein  layer  from  being  disrupted  upon  dehydration. 

The  adsorbed  MAP  on  the  POMA  surface  is  representative  of  a  loosely 
bound  protein  layer  that  becomes  highly  perturbed  upon  dehydration. 

These  results  suggest  that  the  substratum  exerts  some  degree  of  control 
over  the  structure  of  the  protein  conditioning  film  and  that  this,  in 


turn,  may  influence  interactions  between  the  protein  film  and  adhesive 
polymers  of  surface  colonizing  bacteria. 

That  fr2ps  adheres  strongly  to  Ge  suggests  that  its  molecular 
properties  evolved  to  render  it  adhesive  towards  mineral  oxides.  In 
order  to  characterize  these  molecular  interactions,  the  effect  of 
divalent  cations  and  pH  on  the  adsorption  of  fr2ps  to  Ge  was  determined 
using  ATR/FT-IR  spectroscopy  and  XPS.  The  results  indicated  that 
divalent  cations  participate  in  binding  of  fr2ps  to  Ge  oxide  and  that 
atomic  size  of  the  cation  is  important.  There  was  no  evidence  for 
significant  participation  of  hydrogen  bonding  to  the  oxide  surface.  The 
value  of  such  a  molecular  level  approach  to  understanding  bacterial 
adhesion  to  surfaces  was  emphasized  in  recent  reviews. 

CONCLtysiONS ;  Bacteria  have  evolved  various  multiple  holdfast  structures 
that  enable  them  to  adhere  tenaceously  to  solid  surfaces  and  form 
fouling  biofilms  in  seawater.  Whereas,  proteinaceous  fimbriae  appear  to 
serve  as  holdfasts  during  initial  contact  with  the  surface,  negatively- 
charged  polysaccharides  appear  to  mediate  subsequent  association  with 
and  biofilm  formation  on  the  surface.  An  organic  conditioning  film 
present  on  all  surfaces  submerged  in  seawater  as  well  as  seawater 
cations  influence  the  interactions  between  the  holdfast  molecules 
elaborated  by  the  bacteria  and  the  solid  substratum.  A  molecular  level 
approach  is  useful  in  elucidating  the  molecular  basis  of  biofouling  of 
surfaces  in  seawater. 

SIGNIFICANCE :  Few  bacteria  produce  polar  adhesive  EPS.  Previously, 
published  reports  indicate  that  Caulobacter  spp.,  Asticcacaulis 
biprosthecum,  Thiothrix  spp.,  Seliberia  stellata,  and  Bradyrhizobium 
japonicum  produce  these  molecules.  The  MHS-3  capsular  EPS  is  not  just 
unusual;  it  is  unique  among  the  examples  cited  above  because  it  is  an 
extensive,  integral  EPS  capsule,  whereas  the  others  are  not. 

This  research  is  the  first  to  demonstrate  fimbril  production  in 
Hyphomonas,  one  of  several  genera  to  produce  polar  fimbriae.  Polar 
fimbriae  of  Pseudomonas  aeruginosa  have  been  implicated  in  adhesion  to 
mammalian  tissues  during  pathogenesis  and  to  solid  surfaces  such  as 
stainless  steel  and  polystyrene.  Interestingly,  Thiothrix  spp., 
Caulobacter  spp.,  and  A.  biprosthecum  also  produce  polar  tuffs  of 
fimbriae  at  the  same  locus  as  the  holdfast. 

The  temporal  and  spatial  regulation  of  the  adhesive  structures  of 
MHS-3  and  VP-6  can  be  correlated  with  putative  function.  MHS-3  appears 
to  synthesize  capsular  EPS  and  fimbriae  simultaneously.  The  value  of 
these  events  as  an  attachment  strategy  could  be  that  two  chemically 
distinct  adhesive  molecules  are  presented,  which  should  allow 
interactions  with  a  wide  array  of  surfaces.  The  fimbriae  are  1-2  fim  long 
and  the  EPS  capsule  is  200-300  nm  thick.  Alternatively,  fimbriae  could 
mediate  long-range,  primary  binding  of  a  cell  to  a  surface,  since  they 
extend  beyond  the  EPS  capsule  and  can  tether  the  cell  to  the  surface  and 
then  retract  to  bring  the  EPS  adhesive  capsule  in  contact  with  the 
surface  to  initiate  more  binding  interactions  and  a  more  stable 
association  with  the  surface.  A  similar  adhesion  process  could  also  be 
invoked  for  VP-6,  with  its  2  types  of  polysaccharide  adhesives  and  polar 
fimbriae.  Thus,  protein  and  polysaccharide  molecules  are  likely  to 
participate  in  bacterial  cell  adhesion  to  surface  submerged  in  seawater. 
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from  Montana  State  University  in  August, 1996.  Steve  Langille  received 
his  Ph.D.  in  Microbiology  from  the  University  of  Maryland,  College  Park, 
MD,  in  December , 1997 .  Gill  Geesey  was  elected  as  a  Fellow  of  the 
American  Academy  of  Microbiology  in  July,  1995.  Geesey  also  received  an 
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Physical  and  chemical  characterization  of  the  polysaccharide 
capsule  of  the  marine  bacterium,  Hyphomonas  strain  MHS-3 

EJ  Quintero  and  RM  Weiner 

Department  of  Microbiology,  University  of  Maryland,  College  Park,  MD  20742,  USA 


Hyphomonas  MHS-3  is  a  biphasic,  marine  bacterium  that  synthesizes  an  exopolysaccharide  (EPS)  capsule,  which 
has  a  role  In  attaching  the  adherent,  prosthecate  developmental  stages  to  solid  substrata.  To  correlate  structure 
with  function,  we  characterized  this  Integral  EPS.  it  has  a  relatively  homogeneous  molecular  weight  of  approximately 
60000  daltons.  Is  acidic,  and  putatively  contains  large  concentrations  of  /^-acetylgalactosamine  (GalNAc).  The  theor¬ 
etical  identity  of  the  anionic  component  of  the  polymer,  and  the  similarities  between  Hyphomonas  MHS-3  EPS  and 
other  adhesive  marine/aquatic  bacterial  EPS  are  discussed. 

Keywords:  polysaccharides;  bacterial  capsule;  adhesion;  biofilm  I 


Introduction 

The  mechanism  of  bacterial  adhesion  to  marine  surfaces 
has  not  yet  been  fully  elucidated.  Previously,  we  reported 
evidence  that  a  marine  bacterium,  Hyphomonas  MHS-3 
(MHS-3),  adheres  via  an  exopolysaccharide  (EPS)  capsule, 
which  is  produced  in  copious  amounts.  This  paper  reports 
on  its  structure  and  discusses  how  it  may  contribute  to 
adhesiveness. 

Hyphomonads  have  a  biphasic  life  cycle,  one  phase 
being  sessile,  and  the  other  flagellated  and  free-swimming 
(swarmers)  [22].  Hyphomonas  was  chosen  for  this  study, 
in  part,  because  it  is  a  primary  colonizer  of  marine  surfaces 
[3].  Only  the  sessile  phase  synthesizes  the  adhesive  EPS 
capsule  which  also  forms  a  large  part  of  the  biofilm  matrix 
(Quintero  and  Weiner,  submitted  for  publication).  Multiple 
layers  of  cells  become  imbedded  in  this  hydrated  matrix 
[8].  In  fact,  more  than  80%  of  the  marine  bacteria  associ¬ 
ate  with  deep  sea  aggregates  possess  EPS  capsules,  which 
are  thought  to  be  responsible  for  attachment  to  and  forma¬ 
tion  of  particular  aggregates  in  the  water  column  [11]. 

In  addition  to  their  putative  role  in  adhesion,  EPS  biofilm 
matrices  serve  several  different  functions  which  enhance 
survival  and  influence  the  surrounding  environment.  They 
retain  extracellular  enzymes  near  the  cell  [32],  protect 
against  desiccation  [5,7],  and  enhance  virulence  of  patho¬ 
genic  bacteria  [10,23,25].  Some  biofilms  also  cue  marine 
invertebrate  larval  settlement  and  metamorphosis,  which 
helps  to  establish  a  thriving  community  [16,31,37,38].  EPS 
are  instrumental  in  metal  binding  [6],  and  generally  protect 
cells  from  toxic  compounds  [9].  Finally,  it  has  been  demon¬ 
strated  that  EPS  is  critical  in  the  second  step  of  bacterial 
adhesion,  that  is,  the  irreversible  attachment  or  cementation 
of  the  cells  to  surfaces  [9,18]. 
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Materials  and  methods 

Bactenal  strains,  media  and  chemicals 
Wild-type  Hyphomonas  strain  MHS-3  (MHS-3)  was  iso¬ 
lated  from  shallow  water  sediments  in  Puget  Sound,  WA, 
USA  by  J  Smit,  and  kindly  given  to  R  Weiner.  Reduced 
adhesion  (MHS-3  rad)  phase  variants  were  isolated  by  their 
different  colony  morphology  on  agar  plates  (named  for 
their  low  adhesion  to  surfaces  and  less  biofilm  formation 
in  broth  cultures).  These  strains  were  cultured  in  Marine 
Broth  2216  (MB;  [41])  (37.4  gL"*;  Difeo  Laboratories, 
Detroit,  MI,  USA).  Except  where  noted,  Hyphomonas 
MHS-3  was  always  grown  at  25°  C.  Marine  agar  (MA)  was 
prepared  by  adding  agar  to  Marine  broth,  to  a  final  concen¬ 
tration  of  2%  w/v.  Except  when  indicated  otherwise,  all 
chemicals  were  purchased  from  Sigma  Chemical  Co  (St 
Louis,  MO,  USA)  or  Fisher  Scientific  (Pittsburgh,  PA, 
USA). 

EPS  purification 

Teflon  mesh  was  introduced  into  the  culture  vessels  to  pro¬ 
vide  more  surface  for  biofilm  formation  (mesh  opening 
1.8  mm,  thread  diameter  0.5  mm;  Tetko  Inc,  Briarcliff,  NY, 
USA).  Briefly,  EPS  was  purified  as  follows:  cultures  were 
grown  to  e^arly  stationary  phase,  the  spent  medium  was  dis¬ 
carded,  and  the  floes  and  the  biofilm  (mechanically 
removed  from  culture  vessel  walls  and  from  teflon  mesh) 
were  centrifuged  at  16000  x  g  for  20  min.  The  supernatant 
fluid  was  precipitated  with  four  volumes  of  ice-cold  2-pro¬ 
panol,  and  the  cell  pellet  blended  in  a  Waring  blender  with 
10  mM  EDTA,  3%  NaCl  for  1  min  at  4°  C  to  shear  off  the 
capsular  EPS.  The  suspension  was  again  centrifuged,  the 
cell  pellet  discarded  and  the  sheared  EPS  in  the  supernatant 
phase  was  precipitated  with  2-propanol  as  described  above. 
The  precipitate  was  resuspended  in  minimum  volume  of 
dH20  and  dialyzed  exhaustively  against  dH20,  and  lyophil- 
ized.  The  following  steps  are  a  modification  of  the  purifi¬ 
cation  procedure  of  Read  and  Costerton  [29].  The  crude 
EPS  was  dissolved  in  a  minimum  volume  of  0.1  M  MgCl2. 
DNase  and  RNase  were  added  to  a  final  concentration  of 
0.1  mg  ml"*  each,  and  incubated  at  37°  C  for  4  h.  Protease 
K  was  added  to  a  final  concentration  of  0.1  mg  ml”*  and 
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the  mixture  was  incubated  at  37°  C  overnight.  The  residual 
protein  was  removed  by  hot  phenol  extraction,  followed  by 
a  chloroform  extraction.  This  was  repeated  as  necessary 
until  no  protein  was  detected  by  the  BCA  assay  (see  colori¬ 
metric  and  enzymatic  assays).  The  EPS  solution  was 
dialyzed  exhaustively  against  dH20  and  lyophilized.  This 
partially  purified  EPS  was  redissolved  in  dH20,  and  further 
purified  by  gel  permeation  chromatography  to  separate  the 
capsular  EPS  from  contaminating  lipopolysaccharide. 

Column  chromatography 

Solutions  (1  mg  ml~^)  of  EPS  were  chromatographed  on  a 
column  (45x1.5  cm)  of  Sephacryl  S-400-HR  gel  per¬ 
meation  resin  (Pharmacia,  Piscataway,  NJ,  USA)  using 
50  mM  ammonium  acetate,  pH  7.0  (containing  0.02% 
NaN3)  as  the  elution  buffer,  at  a  flow  rate  of  0.5  ml  min“’. 
Fractions  of  3  ml  were  collected  and  analyzed  for  total 
carbohydrate  by  the  colorimetric  assay  of  Dubois  etal  [12]. 
Solutions  (1  mg  ml"*)  of  dextran  molecular  weight  stan¬ 
dards  of  5000000,  2000000,  500000,  70000,  40000,  and 
10000  daltons  (Pharmacia;  Sigma  Chemical  Co)  were  used 
to  standardize  the  column.  Ion-exchange  chromatography 
was  performed  using  a  Mono  Q  anion  exchange  column 
(quaternary  amine  column)  (Pharmacia)  in  a  Pharmacia 
LKB  (Piscataway,  NJ,  USA)  FPLC  system,  comprised  of 
a  LCC-500  plus  controller  module,  two  P-500  pumps  and 
a  FRAC-200  fraction  collector.  EPS  solutions  (500  fi\  of 
2  mg  ml"*  solutions)  in  20  mM  Tris  buffer,  pH  8.0,  were 
loaded  into  the  column.  Samples  were  first  eluted  with  5  ml 
of  Tris  buffer,  then  with  a  linear  gradient  of  NaCI  from 
0.05  to  1.0  M  (in  buffer)  at  a  flow  rate  of  1  ml  min“*.  Frac¬ 
tions  of  1  ml  were  collected  and  analyzed  for  total  carbo¬ 
hydrate. 

Colorimetric  and  enzymatic  assays 
All  chemicals  utilized  to  prepare  reagents  for  these  tests 
were  high  purity  or  reagent  grade,  and  all  glassware  was 
acid-washed  prior  to  use.  The  carbohydrate  (CHO)  assay 
of  Dubois  et  a/  [12]  was  used  to  measure  the  neutral  hexose 
content  of  samples.  Glucose  standards  (10-100 /Ltg  ml"*) 
were  used  to  prepare  the  standard  curve.  Total  protein  was 
measured  using  the  Pierce  BCA  (bicinchoninic  acid)  pro¬ 
tein  reagent  (Pierce,  Rockford,  IL,  USA),  using  reagents 
and  protocols  supplied  by  the  manufacturer.  Standards  (10- 
100/Ltgml“*)  were  prepared  with  bovine  serum  albumin 
(BSA).  Uronic  acids  were  quantified  following  the  pro¬ 
cedure  of  Blumenkrantz  and  Asboe-Hansen  [4].  The  meta- 
phenylphenol  reagent  was  purchased  from  Eastman  Kodak 
Co  (Rochester,  NY,  USA). 

The  presence  of  acetyl  groups  on  the  EPS  was  assayed 
using  a  modified  colorimetric  procedure  [14,20].  Just  prior 
to  the  test,  a  working  reagent  was  prepared  by  mixing  equal 
volumes  of  8.0  M  hydroxylamine  hydrochloride  and  gly¬ 
cine  reagent  (1.0  M  glycine  in  8.5  M  NaOH);  200  fi\  of  test 
sample  were  mixed  with  400  fi\  of  this  reagent  in  a  large 
glass  test  tube  and  incubated  at  room  temperature  for  3  h. 
Then,  2.5  ml  of  1.0  M  HCl  and  6  ml  of  ferric  chloride 
reagent  (0.1  M  FeCla  in  0.01  M  HCl)  were  added,  and  the 
absorbance  was  measured  immediately  at  540  nm  (A540) 
before  precipitate  formed. 

Pyruvylation  of  the  EPS  was  tested  using  an  enzymatic 


assay  developed  by  Duckworth  and  Yaphe  [13].  Briefly, 

1.5  ml  of  0.08  N  oxalic  acid  was  added  to  5  mg  of  EPS  (in 
1.5  ml  dH20)  and  refluxed  for  5  h  at  100°  C  to  hydrolyse 
pyruvate  from  EPS  backbone.  After  cooling,  230  mg  of  cal¬ 
cium  carbonate  were  added  to  each  tube  to  neutralize  the 
solution,  and  the  amount  of  free  pyruvate  present  was 
assayed  using  lactate  dehydrogenase  (Sigma  Chemical  Co), 
following  the  manufacturer’s  specifications.  The  presence  ^ 
of  lipopolysaccharide  (LPS)  was  determined  using  the 
Umulus  Amebocyte  Lysate  (LAL)  assay  (Associates  of  / 
Cape  Cod,  Inc,  Woods  Hole,  MA,  USA)  according  to  * 
manufacturer’s  instructions.  LPS  was  also  identified  using 
polyacrylamide  gel  electrophoresis  with  sodium  dodecyl 
sulfate  (SDS-PAGE),  and  the  silver  staining  procedure  of 
Tsai  and  Frasch  [33],  as  modified  by  Hitchcock  and  Brown 
[15]  to  visualize  it. 

Monosaccharide  analysis  of  EPS 
High  performance  anion  exchange  chromatography 
(HPAE)  was  used  to  identify  the  major  monosaccharide 
components  of  the  EPS,  following  a  protocol  described  by 
Reddy  et  al  [30].  Briefly,  200  pg  of  purified  EPS  were 
hydrolysed  in  200  /llI  of  2  N  HCl  at  100°  C  for  2  h.  Samples 
were  dried  under  a  stream  of  nitrogen  and  resuspended  in 
200  /Ltl  of  dH20;  the  injection  volume  was  20  pX.  The  sys¬ 
tem  used  for  HPAE  consisted  of  a  Dionex  BioLC  gradient 
pump  (Dionex  Corp,  Sunnyvale,  CA,  USA)  with  a  pulsed 
amperometric  detector  (PAD).  A  Carbopac  PAl 
(4x250  mm)  pellicular  anion  exchange  column  (Dionex 
Corp)  with  a  Carbopac  guard  column  was  used  at  a  flow 
rate  of  1  ml  min"*  at  room  temperature.  Two  different  elu¬ 
ants  (degassed  with  helium)  were  used:  eluant  1,  15  mM 
NaOH,  useful  for  the  analysis  of  neutral  and  amino  sugars, 
and  eluant  2,  100  mM  NaOH,  150  mM  sodium  acetate, 
effective  in  the  analysis  of  acidic  monosaccharides.  A 
monosaccharide  standard  solution  (85  /xg  ml"*  of  each 
sugar,  20  p\  injected)  was  run  after  each  hydrolysed  EPS 
sample  to  identify  the  monomers. 

Infrared  spectroscopy  (IR) 

IR  analysis  was  carried  out  to  test  for  the  presence  of  sulf¬ 
ate  groups  in  the  EPS  [19].  One  milligram  of  EPS  was 
mixed  with  100  mg  of  potassium  bromide  (IR  grade),  and 
gfound  with  mortar  and  pestle.  About  half  the  fine  powder 
was  placed  into  a  die  and  compressed  into  a  translucent 
pellet.  The  pellet  was  placed  into  a  Perkin  Elmer  1600  Ser¬ 
ies  FTIR  (Perkin-Elmer  Co,  Norwalk,  CT,  USA),  and  a 
spectrum  was  obtained.  Chondroitin  sulfate  was  used  as  a 
standard.  ♦ 

I 

Results  ; 

Chemical  characterization  of  MHS-3  EPS 
The  partially  purified  capsular  EPS  (treated  with  nucleases, 
protease,  hot  phenol  and  chloroform  extraction)  was  con¬ 
taminated  with  small  amounts  (<2%)  of  LPS;  however,  as 
noted  in  the  materials  and  methods  section,  no  protein  was 
detected  (tower  limit,  5  /xg  mg"'  EPS).  Anion  exchange 
chromatography  revealed  that  both  the  LPS  and  the  EPS 
were  negatively  charged  (Figure  1).  The  capsular  EPS  shar¬ 
ply  eluted  at  0.25  M  NaCl;  the  LPS  broadly  eluted  from 
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Figure  1  Anion  exchange  chromatography  of  partially  purified  Hypho- 
monas  MHS-3  LPS  and  capsular  EPS.  The  samples  were  chromatographed 
in  a  Mono  Q  quaternary  amine  column.  The  capsular  EPS  eluted  with 
0.25  M  NaCl.  IPS  eluted  broadly,  between  0.15  M  and  0.8  M  NaQ,  with 
a  major  fraction  which  eluted  at  0.4  M  NaQ.  — ^ —  Capsular  EPS; 
— • —  LPS;  — □ —  molar  (NaCl) 


0,15  M  to  about  0,8  M  NaCl.  However,  this  procedure  was 
not  useful  for  purification,  since  both  species  coeluted. 

In  contrast,  gel  permeation  chromatography  did  separate 
EPS  and  LPS  (Figure  2).  The  separation  was  facilitated 
because  the  LPS  aggregated  into  micelles  and  bilayer  ves¬ 
icles  [42],  LPS  aggregates  eluted  with  an  average  molecular 
weight  of  approximately  2(X)0000  daltons,  and  the  EPS 
was  calculated  to  have  an  average  molecular  weight  of 
approximately  60000  daltons  (Figure  2).  LPS  was  ident- 
ifi^  in  silver-stained  SDS-PAGE  gels  and  by  the  results 
of  the  LAL  assay  (data  not  shown). 

The  purified  capsular  EPS  was  characterized  using  color¬ 
imetric  and  enzymatic  assays.  No  LPS  was  detected  (LAL 
assay,  lower  limit  6  pg  LPS  per  mg  EPS)  after  final  gel 
permeation  chromatography;  nor  was  it  detected  in  LPS- 
silver-stained  gels  (negative  data  not  shown).  The  polymer 


Figure  2  Gel  permeation  chromatography  of  partially  purified  Hypho- 
monos  MHS-3  LPS  and  capsular  EPS.  The  medium  was  Sephacryl  S-4(X)- 
HR  resin.  The  elution  profile  of  the  dextran  molecular  weight  standards 
is  indicated,  and  the  average  molecular  weights  can  be  read  on  the  y~axis. 
The  peak  of  capsular  EPS  elution  centered  around  fraction  #21,  indicating 
that  the  average  molecular  weight  of  the  EPS  is  60000  daltons.  LPS  usu¬ 
ally  aggregates  into  micelles  in  aqueous  solution.  This  is  reflected  in  its 
elution  pattern  at  2000000  daltons  MW.  Its  true  molecular  weight  is  much 
lower,  as  indicated  by  SDS-PAGE.  — O —  LPS;  — ^ —  capsular  EPS; 
— ■ —  molecular  weight 
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Table  1  Chemical  characterization  of  Hyphomonas  MHS-3  capsular  EPS 


Group 

Quantity  mg"'  EPS)* 

Assay  reference 

Neutral  hexose 

710 

[12] 

Uronic  acid 

ND** 

[4] 

Acetyl  groups 

75 

[14,22] 

Pyruvate 

ND 

[13] 

Sulfate 

ND 

[21] 

■Amount  detected  per  mg  dry  weight  of  purified  EPS 
•‘Not  detected  (<5  /ig  mg’*) 


was  acetylated,  but  neither  uronic  acids  nor  pyruvate  were 
detected  (Table  1).  However,  the  absence  of  uronic  acid 
and  pyruvate  groups  could  not  be  confirmed  by  IR  due  to 
‘water  noise’  between  the  1400-1900  cm’*  f^requencies. 
The  absence  of  an  absorbance  peak  at  1250  cm’*  (Figure 
3)  suggested  that  the  EPS  does  not  have  sulfate  groups.  On 
the  other  hand,  an  absorbance  peak  at  1654  cm’*  confirmed 
the  presence  of  acetyl  groups.  This  absorbance  frequency 
is  in  the  area  where  the  carbonyl  stretching  band  of  amides 
is  found,  characteristic  of  acetamido  groups  in  iV-acetylated 
sugars.  In  fact,  most  amino  sugars  found  in  microbial  EPS 
are  usually  A^-acetylated  [8], 

The  High  Performance  Anion  Exchange  Chromatogra¬ 
phy  analysis  of  the  hydrolysed  EPS  revealed  that  the  major 
monosaccharide  component  of  the  polymer  is  galactosam- 
ine  (Figure  4a).  Again,  no  uronic  acids  were  detected 
(Figure  4b).  Several  minor  unknown  peaks  (considered 
degradation  products  of  acid-labile  sugars)  and  a  glucose 
peak  were  found  in  the  neutral  sugar  chromatogram  (Figure 
4a),  but  the  areas  under  these  peaks  were  so  small  as  to 
suggest  they  were  contaminants. 

Discussion 

Chemical  characterization  of  the  capsular  EPS,  synthesized 
by  MHS-3,  indicates  that  it  contains  N-acetyl-galactosam- 
ine.  HPAE  data  confirms  galactosamine  as  a  major  compo¬ 
nent,  and  the  colorimetric  assay  for  acetyl  groups  is  posi- 


Figure3  IR  spectrum  of  Hyphomonas  MHS-3  capsular  EPS.  The 
absorbance  peak  at  a  frequency  of  3413  cm“'  is  attributed  to  OH  groups, 
at  1049  cm“'  to  C — O,  and  at  1654  cm"'  to  C=0  in  acetamido  groups 
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Figure  4  HPAE  chromatograms  of  hydrolysed  purified  Hyphomonas 
MHS-3  capsular  EPS.  Two  eluants  were  used;  eluant  1  (a),  15  mM  NaOH, 
was  used  for  the  analysis  of  neutral  and  amino  sugars.  Galactosamine 
(galnh2)  was  the  only  major  monosaccharide  component  detected. 
Unknown  peaks  and  glucose  (glc)  were  found  in  trace  amounts  and 
deemed  to  be  contaminants.  Eluant  2  (b)  (100  mM  NaOH,  150  mM 
sodium  acetate)  was  used  in  the  analysis  of  acidic  monosaccharides;  none 
was  detected 

tive.  Finally,  IR  analysis  reveals  the  presence  of  amide 
groups  in  the  MHS-3  EPS,  which  implies  the  presence  of 
acetamido  groups  (^-acetyl  linkage). 

Hyphomonas  MHS-3  EPS  is  acidic,  since  it  was  retained 
in  anion  exchange  columns,  and  because  it  binds  poly- 
cationic  ferritin  (data  not  shown).  Nonetheless,  the  identity 
of  the  negative  charge  still  remains  to  be  elucidated.  Sulfate 
and  pyruvate  groups  were  not  detected.  Less  commonly 
appearing  acidic  groups  such  as  succinate  (found  in  suc- 
cinoglucans,  [17])  and  phosphate  [24]  were  not  screened. 
However,  though  uronic  acids  were  not  detected  by  colori¬ 
metric  assay  nor  HPAE  analysis,  their  presence  cannot  be 
ruled  out.  This  is  because  aminuronic  acids  (amino  sugars 
that  are  also  uronic  acids)  are  not  detected  by  the  existent 
colorimetric  assays  for  uronic  acids  ([27];  E  Rosenberg, 
personal  communication).  Also,  since  these  sugars  are  acid- 
labile  [27],  they  would  have  been  destroyed  during  the  acid 
hydrolysis  of  die  EPS,  and  thus,  they  would  not  have  been 
detected  by  HPAE  either. 

Therefore,  the  Hyphomonas  MHS-3  EPS  could  conceiv¬ 
ably  contain  ^V-acetylgalactosaminuronic  acid.  So  far,  only 
two  bacterial  polysaccharides  have  been  reported  to  contain 
this  sugar,  the  0-antigen  polysaccharide  of  Pseudomonas 
aeruginosa  LPS  [40],  and  the  major  acidic  EPS  of  Pseudo¬ 
monas  solanacearum  [27].  P.  solanacearum  EPS  and 
Hyphomonas  MHS-3  EPS  may  share  some  features.  P.  sol¬ 
anacearum  EPS  is  a  heteropolymer  composed  of  equimolar 
amounts  of  /V^-acetylgalactosamine  (GalNAc),  2-A^-acetyl-2- 
deoxy-L-galacturonic  acid  (N-acetyl-galactosaminuronic 
acid)  (GalANAc),  and  the  bacillosamine  derivative  2-N- 


acetyl-4-A^-(3-hydroxybutanoyl)-2,4,6-tri-deoxy-D-glucose 
(Bac2NAc4N(30HBut))  [27].  Interestingly,  early  charac¬ 
terization  of  P.  solanacearum  EPS  revealed  ^-acetyl-galac- 
tosamine  as  the  only  component  [1].  An  acid-resistant  gly- 
cosidic  linkage  between  two  acid-labile  sugars  could 
explain  the  fact  that  neither  GalANAc  nor 
Bac2NAc4N(30HBut)  had  initially  been  detected  [27], 
Hyphomonas  MHS-3  capsular  EPS  could  well  have  a  simi-  ^ 
lar  structure,  which  would  pose  the  same  analytical  prob-  • 
lems.  { 

The  average  molecular  weight  of  Hyphomonas  MHS-3  * 
EPS  is  approximately  60000  daltons.  P.  aeruginosa  has 
been  reported  to  produce  a  low  molecular  weight  EPS 
(chemically  distinct  from  the  high  molecular  weight  algin¬ 
ate  also  synthesized)  only  when  growing  in  a  biofilm  [2]. 
The  low  molecular  weight  EPS  is  around  10(X)0  daltons, 
and  contains  mannose,  galactose  and  an  unidentified  amino 
sugar.  It  has  been  proposed  to  be  involved  in  the  attachment 
of  P.  aeruginosa  to  surfaces  [2].  Staphylococcus  aureus 
also  synthesizes  a  low  molecular  weight  EPS  (30000 
daltons)  [26]. 

In  the  prosthecate  genera  Caulobacter  and  Asticcacaulis, 
attachment  to  surfaces  appears  to  be  mediated  by  a  polar, 
acidic  EPS  organelle  termed  holdfast  [28,36].  It  is  interest¬ 
ing  that  the  Hyphomonas  MHS-3  capsular  EPS  also  shares 
certain  commonalities  with  these  adhesive  EPS.  The 
Hyphomonas  MHS-3  EPS  and  those  of  Caulobacter  spp 
[28]  and  Asticcacaulis  biprosthecum  [36]  are  all  acidic 
exopolysaccharides.  Furthermore,  as  we  suggest  above, 
Hyphomonas  MHS-3  EPS  contains  the  amino  sugar,  N-ace- 
tylgalactosamine.  During  lectin  analysis  of  the  adhesive 
holdfast  of  26  different  species  of  Caulobacter,  15  out  of 
16  marine  species  and  6  out  of  10  freshwater  species  con¬ 
tained  the  amino  sugar  iV-acetylglucosamine  [21]. 
Additionally,  the  acidic,  polar  slime  EPS  synthesized  by 
Rhizobium  japonicum  is  bound  by  Glycine  max  lectin 
(SB A)  [34,35].  This  lectin  binds  polymers  containing  N- 
acetylgalactosamine.  It  is  conceivable  that  the  presence  of 
acidic  groups  and  amino  sugars  may  be  characteristic  of  a 
class  of  adhesive  EPS. 

The  Hyphomonas  MHS-3  capsular  EPS  appears  to  be  an 
integral  EPS,  since  it  is  not  released  into  the  culture 
medium.  This  is  consistent  with  several  general  character¬ 
istics  of  adhesive  EPS  [8],  since  enhanced  solubility  should 
work  against  adhesion.  Furthermore,  adhesive  properties 
are  probably  dependent  on  the  conformational  state  of  the 
polymer,  since  the  arrangement  of  functional  groups  may 
change  at  different  conformations.  Pseudomonas  sp  strain 
S9  synthesizes  two  forms  of  EPS,  one  integral  and  the  other  * 
peripheral  [39].  The  integral  EPS  was  associated  with  cell  ^ 
adhesion  to  surfaces,  and  the  peripheral  EPS  with  cell  j 
desorption  from  the  surface  during  starvation.  ^ 

Thus,  it  is  possible  that  in  Hyphomonas  MHS-3,  structure 
follows  function,  and  that  the  EPS  capsule  may  be  a  pri¬ 
mary  adhesive,  in  addition  to  its  role  in  the  formation  of 
biofilm. 
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There  has  been  much  written  on  bacterial  exopolysaccharides  (EPS)  and  their  role  In  virulence.  Less  has  been 
published  regarding  EPS  In  free  living  species.  This  review  focuses  on  that  subject,  emphasizing  their  functions  In 
the  environment  and  the  use  of  antibody  probes  to  study  them. 
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Composition  and  structure  of  bacterial 
polysaccharides 

Bacterial  surface  polysaccharides  come  in  two  general 
forms,  those  bound  to  the  cell  surface  by  attachment  to  lipid 
A  lipopolysaccharide  (LPS),  and  those  associated  with  the 
cell  surface  as  a  capsule,  exopolysaccharide  (EPS).  EPS 
are  very  hydrated  polymers  with  99%  of  their  wet  weight 
comprised  of  water  [111].  They  have  considerable  hetero¬ 
geneity,  from  the  simple  a,  1-4  linked,  unbranched  glucose 
polymers  called  dextrans,  to  the  highly  complex,  branched, 
and  substituted  heteropolysaccharides  made  up  of  oligo¬ 
saccharide  repeating  subunits  such  as  xanthan  and  colanic 
acid  [17,112].  EPS  can  also  be  substituted,  normally  ester 
or  ^-linked,  with  pyruvate,  acetate,  formate,  sulfate,  phos¬ 
phate  and  other  side  groups  [49]. 

Part  of  the  structural  diversity  of  EPS  is  due  to  the  fact 
that  two  identical  sugars  can  bond  to  form  11  different 
disaccharides.  In  contrast  two  identical  amino  acids  can 
form  only  one  dipeptide.  Additionally,  EPS  contain  a  wide 
variety  of  sugars  as  for  example  glucose,  mannose,  glucu¬ 
ronic  acid,  and  rhamnose  in  xanthan  gum  [32],  galactose 
and  glucose  (Rhizobium  meliloti  [50]),  xylose 
(Cryptococcus  neoformans  [9]),  hexosamines,  aminouronic 
acids,  aldoses,  diaminohexoses  [56],  2,3-diamino-2,3-dide- 
oxyuronic  acid,  and  5,7-diamino-3,5,7,9-tetradeoxynonulo- 
sonic  acid  [137].  Furthermore,  the  noncarbohydrate  side 
groups  that  are  found  in  bacterial  EPS  add  to  their  hetero¬ 
geneity  that,  as  a  consequence  of  all  of  these  considerations, 
far  exceeds  that  of  proteins  and  is  reflected  in  the  hundreds 
of  0-antigen  serotypes  of  enterobacteria  [49].  Functions  for 
this  heterogenicity  have  been  ascribed  to  pathogens  [24] 
but  not  environmental  strains  [106]. 

The  molecular  weights  of  LPS  [15,39,43,78,92]  and  EPS 
[17,65,99,117]  are  also  extraordinarily  heterogeneous.  With 
incomplete  stringent  control  over  the  number  of  subunits 
added  to  a  chain  [6],  long  and  short  polymers  are  synthes¬ 
ized,  although  one  molecular  weight  species  predominates. 
EPS  forms  higher  order  structures  [49].  Xanthan  gum  is 
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thought  to  from  double-strand  antiparellel  helices  [84], 
while  the  EPS  from  various  Klebsiella  spp  form  left-handed 
helices  [48].  The  EPS  component  of  many  bacterial  films 
forms  thick  fibers  when  examined  with  electron  microscopy 
[3,8,94].  It  has  been  suggested  that  these  fibers  are  attached 
to  discrete  areas  on  the  outer  surface  of  the  cell  [8,94]. 
While  EPS  and  LPS  have  partial  synthetic  pathway  com¬ 
monality  in  some  species  [58],  the  remainder  of  this  review 
shall  primarily  be  concerned  with  EPS. 

Transport  attachment  and  localization  of 
bacteriai  EPS 

A  major  unanswered  question  is  how  the  hydrophilic  EPS 
is  transported  across  the  hydrophobic  interior  of  the  outer 
membrane  to  the  outer  surface  of  the  outer  membrane  of 
Gram-negative  bacteria.  It  has  been  suggested  [8],  but  not 
documented  [12,88],  that  adhesion  sites  (Bayer  junctions) 
between  the  inner  and  outer  membrane  are  sites  of  both 
LPS  and  EPS  transport  Lipid  A  and  0-antigen  are  synthes¬ 
ized  separately  on  the  inner  face  of  the  iimer  membrane 
and  are  joined  on  the  periplasmic  face  of  the  inner  mem¬ 
brane  [82].  For  E.  coli  EPS,  a  60-kilodalton  periplasmic 
protein  is  required  for  translocation  to  the  outer  surface  of 
the  outer  membrane,  whereas  a  protein  is  not  required  for 
LPS  translocation  [98,103].  Immunochemical  analysis  of 
Pseudomonas  sp  strain  S9,  suggests  that  EPS  polymeriz¬ 
ation  (or  crosslinking)  can  occur  on  the  outer  surface  of  the 
outer  membrane  [135]. 

The  fine  structure  of  the  fibrillar  structures  [3,8,94]  radi¬ 
ating  out  from  the  cell  surface  suggests  that  ^S  is  bound 
at  a  limited  number  of  discrete  sites.  Once  these  sites  are 
filled,  excess  EPS  may  become  the  source  of  slime  ([133]; 
EPS  found  free  in  the  media).  Alternatively,  only  EPS  mol¬ 
ecules  of  the  correct  length  may  bind  to  attachment  sites, 
with  larger  and  smaller  molecules  forming  the  slime  [112]. 
Immunoelectron  microscopy  of  a  marine  pseudomonad 
suggests  that  shorter  EPS  molecules  are  integrally  bound 
to  the  outer  membrane  (integral  capsule)  while  the  longer 
polymers  are  loosely  (peripherally)  associated  [34].  With¬ 
out  knowledge  of  export  mechanisms  it  is  difficult  to  theor¬ 
ize  just  how  EPS  may  be  site-specifically  deposited.  Along 
with  caulobacters,  hyphomicrobia  are  go<xl  models  to  study 
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mechanisms  of  EPS  deposition.  Since  export  is  both  polar 
and  temporal,  a  rare  occurrence  in  procaryotes 
[93,119,120,122,130],  the  machinery  can  be  readily  corre¬ 
lated  with  zones  of  production. 

Regulation  of  bacterial  EPS  production 

Many  environmental  factors  can  affect  the  rate  of  EPS  syn¬ 
thesis  in  bacteria.  They  include  increased  oxygen  [7],  limi¬ 
tation  of  nitrogen  [5 1 ,79]  and  cations  (eg  magnesium,  sulf¬ 
ate,  phosphate  and  calcium  [27,51,112]),  desiccation 
[87,112,129],  low  temperature  [117],  growth  on  minimal 
media  [117]  and  growth  phase  [17,121,129,134].  In  most 
of  these  cases,  enhanced  EPS  synthesis  is  a  response  to 
environmental  stress  (eg  nutrient  limitation). 

The  question  of  regulation  of  EPS  production  has  been 
approached  using  molecular  techniques  to  analyze  the  gen¬ 
etic  regulation  of  EPS  synthesis  in  K  coli  and  Alteromonas 
atlantica.  The  regulatory  circuit  controlling  colanic  acid 
capsule  synthesis  in  £.  coli  includes  at  least  four  proteins. 
RcsA  and  RcsB  are  positive  rra/z^-acting  regulators  of  cap¬ 
sule  synthesis  and  RcsC  is  a  negative  regulator  [13,42,89]. 
RcsA  is  unstable  due  to  its  sensitivity  to  the  Lon  protease 
[116].  RcsC  and  RcsB  are  similar  to  many  two-component 
(sensor-effector)  regulatory  systems  [110].  Even  though  it 
is  still  not  clear  under  what  environmental  stimulus  RcsC 
(the  sensor)  activates  RcsB  (the  effector),  this  is  the  first 
genetic  evidence  linking  an  environmental  stimulus  to 
increased  EPS  production. 

The  genetic  mechanism  for  regulation  of  A,  atlantica 
EPS  synthesis  differs  markedly  from  that  of  colanic  acid  [5] 
and  more  closely  resembles  the  antigenic  phase  variation 
described  for  Salmonella,  £.  coli  and  Neisseria  [1,104,1 14]. 
These  variable  systems  involve  complex  reversible  gen¬ 
omic  rearrangements  which  can  turn  EPS  synthesis  (or  anti¬ 
genic  variation)  off  or  on.  Under  conditions  favorable  for 
EPS  production,  those  bacteria  which  are  ‘on’  will  pre¬ 
dominate.  If  the  conditions  change  so  that  EPS  production 
is  no  longer  favored,  those  bacteria  which  were  already 
‘off  will  out-compete  the  ‘on’  bacteria  and  predominate 
[5].  In  caulobacters  and  hyphomonads,  EPS  regulation  is 
temporal  and  less  influenced  by  environmental  factors 
[85,124].  In  Pseudomonas  aeruginosa,  the  intricate  regulat¬ 
ory  cascade  of  alginate  expression  is  being  worked  out 
[30,35,97,131]. 

Functions  of  EPS 

EPS  is  produced  by  the  majority  of  Gram-negative  bacteria, 
some  of  which  invest  more  than  70%  of  their  energy  in  its 
production  [45].  Consequently  many  species  grow  faster 
on  laboratory  media  after  they  mutate  and  stop  producing 
EPS.  This  suggests  that  some  environmental  factor  selects 
for  continuous  EPS  production.  The  existence  of  a  genetic 
switch  in  the  marine  bacterium  A.  atlantica  [5]  to  insure 
the  concurrent  existence  of  both  EPS-producing  and  non¬ 
producing  forms  of  the  organism  emphasizes  both  the 
importance  of  EPS  and  its  demand  on  cellular  resources. 
Polar  EPS  synthesis,  if  EPS  is  an  adhesin,  may  be  another 
resource-saving  mechanism. 

As  discussed  in  excellent  earlier  reviews  by  Decho  [29] 
and  Dudman  [31a],  many  functions  have  been  proposed  for 


bacterial  EPS  (Table  1).  They  can  be  divided  into  four 
groups,  functioning:  a)  as  a  physical  protective  barrier;  b) 
as  a  response  to  environmental  stress;  c)  in  cell/cell  recog¬ 
nition  and  interaction;  or  d)  in  biofilm  formation/adhesion. 
The  ability  of  EPS  to  act  as  a  physical  barrier  has  been 
demonstrated  with  pathogenic  bacteria.  Encapsulation  of  E, 
coli,  Klebsiella  sp,  and  pneumococci  renders  them  resistant 
to  phagocytosis,  complement  fixation,  and  antibody 
[37,102].  In  fact,  the  pathogenicity  of  bacteria  can  be  arti¬ 
ficially  increased  by  coating  them  with  hog  gastric  mucin, 
a  charged  mucopolysaccharide  [49].  Even  though  bacteria 
may  be  subjected  to  phagocytosis-like  predation  in  the 
natural  environment,  they  are  not  exposed  to  antibody  or 
complement.  There,  EPS  may  protect  against  bacteriophage 
[118],  hydrophobic  toxins  [127]  and  desiccation  [81,  87]. 

In  response  to  stress,  when  essential  cations  are  required, 
anionic  EPS  would  sequester  them,  increasing  the  gradient 
across  the  cell  membranes  [45];  or,  excretion  of  the  charged 
polymer  may  provide  the  driving  force  for  importation  of 
other  charged  ions  [128].  Polymerization  of  EPS  would  also 
produce  excess  reducing  power,  used  to  drive  high  affinity 
or  high  energy  uptake  systems  [45,115].  In  symbiotic 
relationships,  the  EPS  and  LPS  of  some  nitrogen-fixing 
bacteria,  most  notably  R.  meliloti,  but  also  others 
[10,68,95],  function  in  the  host-specific,  bacterial  invasion 
of  developing  root  nodules  on  leguminous  plants  [33,64]. 
The  EPS  is  involved  in  the  initial  recognition  and  attach¬ 
ment  of  the  bacteria,  leading  directly  to  morphogenic 
changes  in  the  plant  [10,33,64,95].  Kirchman  et  al  [60] 
showed  that  Pseudomonas  marina  EPS  is  an  inductive  cue 
for  the  metamorphosis  of  the  marine  polychaete,  Janua  bra- 
siliensis.  The  metamorphic  trigger  might  involve  the  bind¬ 
ing  of  a  larval  lectin  to  the  EPS  [59].  Other  marine  invert¬ 
ebrates  however  do  not  specifically  bind  with  bacterial 
films  prior  to  larval  settlement  and  metamorphosis 
[125,126]. 

Neverdieless,  it  has  long  been  recognized  that  there  is 
an  ordered  sequence  of  periphytic  succession  for  coloniz¬ 
ation  of  clean  surfaces  immersed  in  seawater.  In  the  initial 
phase,  after  possible  coating  by  organic  matter  [70],  bac¬ 
teria  attach  to  a  surface  and  begin  to  grow,  forming  micro¬ 
colonies  within  several  hours  [19,25,31,36,77].  Sub¬ 
sequently,  diatoms,  fimgi,  protozoans,  micro-algae  and 
other  microorganisms  attach  to  the  surface,  adding  to  the 
primary  slime  layer  [25,31,36,77,105].  This  primary 
microbial  colonization  often  appears  to  be  a  prerequisite 
for  the  final  stage  of  succession  in  which  large  organisms, 
viz,  invertebrates,  attach  and  grow  on  the  surface 
[23,26,139]. 

The  biofilm/adhesion  functions  of  EPS  are  extremely 
important  medically  and  commercially.  The  importance  of 
biofilm  formation  on  bacterial  growth  in  dilute  nutrient 
environments  has  been  recognized  since  Zobell  and  Ander¬ 
son’s  [140]  early  work  on  the  relationship  between  bacterial 
growth  and  solid  surfaces.  The  involvement  of  EPS  in 
initial  adhesion  of  the  cells  [3,20,44],  as  the  structural 
matrix  of  the  biofilm  and  as  an  active  metabolic  component 
of  the  biofilm,  has  received  much  attention  [eg 
21,22,75,101,113].  Briefly,  some  EPS  may  function  as  an 
initial  adhesion  [3],  more  as  a  permanent  adhesion  [44]  and 
many  as  the  biofilm  matrix  [125]. 


Table  1  Exopolysaccharide  and  cell  survival 
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Function 

Survival  advantage 

References 

Physical/protective  barrier 

Cell-cell  recognition  and  interaction 
Response  to  environmental  stress 

Adhesion  and  biohlm  formation 

Protection  trom  desiccation,  predation  and  the  immune  system.  Resistance  to  toxins, 
antibiotics  and  poisons 

Plant  symbiosis,  formation  of  nodules  and  microcolonies,  invertebrate  larvae  settlement 
Sequestering  and  import  of  charged  ions,  production  of  excess  reducing  power 
Immobilization  onto  nutrient-rich  surfaces,  dissociation  from  nutrient-depleted  surfaces 

(49,81,118,127] 

(10,33,59,64,95] 

(45,115,128] 

(3,44,125] 

There  are  two  major  theories  to  explain  the  probability 
of  bacterial  attachment  to  a  substratum  in  aqueous  environ¬ 
ments  [76].  Each  states  that  the  adhesion  of  microorganisms 
to  surfaces  is  influenced  by  long-range,  short-range,  and 
hydrodynamic  forces.  The  DLVO  (letters  after  first  initials 
of  surnames  of  its  proposers)  theory  assumes  that  interac¬ 
tion  between  two  objects  is  comprised  of  an  attractive 
component,  governed  by  Van  der  Waals  forces,  and  a 
potential  repulsive  component  due  to  overlap  of  electrical 
double  layers  associated  with  charged  groups  [70].  These 
yield  two  distances  at  which  a  particle  may  be  attracted  to 
the  substratum.  At  a  primary  minimum  (ca  1  nm),  attractive 
forces  are  strong;  at  the  secondary  minimum  (ca  15  nm), 
forces  are  weaker.  These  distances  are  divided  by  an  inter¬ 
mediate  repulsion  barrier.  Microorganisms  may  accumulate 
at  the  secondary  minimum  and  much  of  the  strategy  in  sur¬ 
face  colonization  is  concerned  with  remaining  at  the  sec¬ 
ondary  minimum  and  overcoming  the  repulsive  barrier  to 
reach  the  primary  minimum  [84].  Microorganisms  synthes¬ 
ize  a  variety  of  tethers  for  tiiis  purpose.  All  have  narrow 
diameter  and  sufficient  length  to  minimize  and  ‘break 
through’  the  repulsive  layer  [20].  Such  structures  have  been 
reported  [20]  to  include  capsular  exopolysaccharides,  pili 
and  flagella,  eg  long  fibular  EPS  could  form  an  adhesive 
bridge  minimizing  electrostatic  repulsion  [44]. 

A  second.  Stem,  theory  predicts  that  there  will  be  a  net 
charge  distribution  at  any  solid  surface  and  that  as  a  conse¬ 
quence,  counter  ions  are  held  closely  at  the  surface  forming 
a  Stem  layer  while  the  rest  of  the  ions  are  less  restricted 
forming  a  diffuse  ionic  atmosphere  [70].  This  model,  prob¬ 
ably  less  applicable  in  a  marine  habitat,  also  predicts  a  dou¬ 
ble  layer  of  attractive  domains  sandwiching  a  repulsive  bar¬ 
rier  and  would  require  similar  stmctures  to  function  as 
tethers  as  would  the  DLVO  model. 

Once  bacteria  are  attached  to  the  surface,  multiple  events 
can  transpire  to  carry  it  to  the  primary  minimum  at  which 
multiple  bonds  of  a  more  permanent  nature  may  be  formed 
between  the  organism  and  substratum.  This  attachment  is 
generally  considered  to  involve  hydrophobic  bonds  of  outer 
membrane  components  of  Gram-negative  bacteria  or  more 
likely  capsular  EPS,  cement-like  biofilm.  The  roles  of  EPS 
in  this  process  have  been  discussed  with  the  conclusion  that 
‘much  more  information  is  required’  [16,74]. 

Christensen  [16]  points  out  though,  that  even  with  an 
explosion  of  new  data,  structure-function  relationships 
remain  largely  untested.  In  a  few  species  it  was  observed 
that  EPS  was  not  involved  in,  or  inhibited,  attachment 
[14,28,61,62,109,132,133].  An  uncharged  high  molecular 
weight  EPS  synthesized  by  bacteria  isolated  from  fish 


scales  was  not  adhesive  but  instead  served  to  decrease  drag 
[100].  Whether  an  EPS  functions  as  an  adhesive  or  not  may 
be  dictated  by  its  chemistry  and  that  of  the  substratum.  EPS 
is  clearly  important  in  the  structural  matrix  of  the  biofilm. 
It  can  bind  ions  [67]  and  other  nutrients  and,  thus,  functions 
as  more  than  a  relatively  inert  ‘cement’. 

Immunochemistry  of  polysaccharides 

Since  capsules  were  recognized  as  an  important  virulence 
factor,  the  immunochemistry  of  polysaccharides  has  been 
intensively  studied  [11,47,55,57,73,86,108].  The  unique 
immunological  attributes  of  polysaccharide  antigens  are 
summarized  in  Table  2,  Polysaccharides  are  unusual  in  that 
their  immunogenicity  varies  with  each  animal,  eg  pneumo¬ 
coccal  EPS  is  non-immunogenic  in  rabbits  but  an  excellent 
immunogen  in  mice  [72].  Polysaccharides  are  also  unique 
in  being  T-independent  antigens,  ie  they  can  directly  stimu¬ 
late  B-cell  antibody  production  and  ^vision  without  the 
help  of  T-cells  [41]  because  their  long  repetitive  structures 
can  directly  interact  with  and  activate  B-cells  [41,52].  As 
a  consequence,  there  may  be  little  memory  and  subsequent 
challenge  may  not  evoke  an  anamnestic  response.  It  also 
means  that  anti-polysaccharide  antibodies  will  be  mostly 
IgM  [41]. 

One  of  the  major  factors  influencing  the  antigenicity  of 
a  polysaccharide  is  molecular  weight  [49].  Dextrans  with 
an  average  molecular  weight  >90(X)0  are  good  immuno¬ 
gens  while  dextrans  of  an  average  molecular  weight 
<50  (KK)  are  non-immunogenic  [54].  The  size  of  molecular 
aggregates  [71,1 16]  may  be  at  least  as  important  as  polysac¬ 
charide  chain  length  [55].  Kabat  [53]  working  with  anti- 
dextran  antibodies  was  able  to  elucidate  the  size  (six  glu¬ 
cose  residues)  of  the  antigen-binding  site  on  the  antibody. 
In  addition  he  showed  that  the  nonreducing  terminal  glu¬ 
cose  (designated  the  inununodominant  sugar)  contributed 
most  to  the  antigenicity  of  the  dextran,  with  each  suc¬ 
ceeding  glucose  contributing  a  smaller  increment.  Terminal 
nonreducing  sugars  on  the  side  chains  of  the  branched  man- 
nan  antigens  of  yeast  are  also  usually  immunodominant 
[4,96].  Charge  is  another  important  factor  in  the  anti¬ 
genicity  of  polysaccharides,  with  the  negatively  charged 
moieties  being  immunodominant  [49].  These  include  uronic 
acids,  sulfate  and  phosphate  groups  [41].  Although  phos¬ 
phate  and  uronic  acids,  along  with  pyruvate  and  O-acetyl 
groups,  can  be  part  of  the  antigenic  determinant,  the  speci¬ 
ficity  of  the  antibody  is  not  always  directed  against  the  ionic 
portion  of  the  polysaccharide  [49].  Depyruvylation  of  xan- 
than  abolishes  the  binding  of  anti-xanthan  monoclonal  anti- 
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Table  2  Special  immunological  characteristics  of  polysaccharide  antigens 


Characteristic 

Postulated  mechanism 

References 

T-independent  immune  response 

Lack  of  MHC  class  11  presentation  of  carbohydrate  moities  due  to  the  inability  of 
mammalian  cells  to  degrade  polysaccharides 

[2] 

Very  poor  memory 

Due  to  lack  of  T-cell  involvement;  even  very  poor  B-cell  memory  may  be  masked  by 
antigen  tolerance 

180] 

IgM  antibody  isotype 

T-independent  immune  responses  generally  don’t  induce  the  cytokines  necessary  for  a 
class  switch  to  IgA  or  IgG 

[46] 

Larger  molecules  are  more  immunogenic 

Larger  molecules  may  be  more  efficient  at  crosslinking  receptors  on  the  surface  of  B-cells 
which  induces  antibody  production 

[91] 

Immunogenicity  of  polysaccharides  varies 
between  animals 

Possibly  due  to  the  mimicking  of  host  carbohydrate  moities  to  which  the  host  immune 
system  is  tolerant 

[24] 

Immunological  paralysis  (also  caused  by 
other  types  of  antigens) 

Caused  by  the  persistence  of  polysaccharide  in  the  animal  (due  to  the  failure  of  the  host 
to  degrade  these  molecules);  also  caused  by  the  flooding  of  B-cell  receptors  during  high 
zone  tolerance  preventing  fhe  membrane  alterations  necessary  for  B-cell  stimulation 

[49] 

bodies  [43],  however  it  is  not  necessarily  true  that  pyruvate 
directly  interacts  with  the  antibody.  Pyruvate  substitution 
of  hexoses  frequently  imposes  conformational  rigidity  and 
depyruvylation  could  abolish  antibody  recognition  by 
changing  the  overall  conformation  of  the  polysaccharide. 
In  fact,  it  may  well  be  that  conformational  determinants, 
vs  structural  determinants,  are  important  [53]  and  that  anti¬ 
bodies  recognize  the  overall  three-dimensional  shape  of  the 
antigenic  determinant  rather  than  a  specific  chemical  prop¬ 
erty  such  as  charge  [41]. 

One  of  the  simplest  ways  to  examine  the  contribution  of 
any  specific  portion  of  the  EPS  to  its  antigenicity  is  by 
selectively  removing  or  degrading  each  substituent.  The 
chemically  modified  EPS  can  then  be  tested  for  its  ability 
to  bind  antibodies  raised  against  the  native  molecule  [49]. 
Methods  which  specifically  alter  polysaccharide  substitu¬ 
ents  [66]  include  treatment  with  NaOH  (breakage  of  ester 
bonds  including  0-acetyl,  pyruvate,  phosphate,  sulphate), 
NaBH4  (reduction  of  uronic  acids),  oxalic  acid 
(depyruvylation)  and  periodic  acid  (oxidation  of  terminal 
non-reducing  sugars  and  uronic  acids)  [66,107]. 

Although  much  work  has  been  done  on  the  inununo- 
chemistry  of  pathogenic  bacterial  EPS,  to  date  many  of 
these  powerful  approaches  have  not  been  applied  to 
environmental  bacterial  EPS.  This  is  especially  the  case 
with  monoclonal  antibody  (hybridoma)  technology  [38]. 
Monoclonal  antibodies  have  b^n  produced  against  xanthan 
and  algal  alginate  [123],  but  none  has  been  reported  against 
any  marine  bacterial  EPS  until  D  Sledjeski  [106]  in  our 
laboratory  made  them  against  Shewanella  colwelliana. 

Recently,  however,  polyclonal  antiserum  was  used  as  a 
probe  for  the  microscopic  investigation  of  EPS  production 
by  a  marine  pseudomonad  during  starvation  [134],  which 
synthesized  both  an  integral  and  a  peripheral  EPS  [34]  of 
unknown  functions.  Integral  EPS  was  constitutively  pro¬ 
duced  while  the  peripheral  EPS  was  synthesized  as  a 
response  to  starvation.  It  was  speculated  that  the  integral 
EPS  was  involved  in  adhesion  while  the  peripheral  EPS 
aided  in  detachment  from  the  surface.  Because  polyclonal 
antisera  were  used,  it  was  unclear  whether  these  were  the 
same  EPS  of  different  lengths  or  two  structurally  different 
EPS.  Polyclonal  antibodies  have  also  been  used  to  show 


that  bacteria  adhere  differently  to  different  surfaces 
(titanium  or  aluminum)  based  upon  differences  in  the  EPS 
structure  [138].  In  fact,  although  it  is  widely  reported  that 
different  benthic  species  have  different  affinities  for  differ¬ 
ent  surfaces,  only  rarely  [63]  has  it  been  demonstrated  that 
different  EPS  bind  to  different  surfaces  with  varying  affin¬ 
ities.  In  this  scenario,  EPS  heterogeneity  would  be  driven 
by  the  survival  value  of  adhering  a  little  better  than  others 
to  specific  surface  habitats. 


Lectins 

Lectins  are  sugar-binding  proteins  of  non-immune  origin 
(from  a  wide  variety  of  plants  and  animals)  which  agglutin¬ 
ate  cells  and/or  precipitate  gly coconjugates  [40].  They  are 
usually  classified  into  categories  according  to  their  carbo¬ 
hydrate  specificity:  mannose,  galactose,  ^-acetylglucosam- 
ine,  ^-acetylgalactosamine,  L-fucose,  ^V-acetylneuraminic 
acid,  to  name  the  most  common  [136].  These  specificities 
are  usually  determined  by  assessing  which 
monosaccharide(s)  are  the  most  effective  inhibitors  of 
agglutination  of  erythrocytes,  or  precipitation  of  carbo- 
hydrate-containing  polymers  by  the  lectin  [69]. 

Lectins  usually  form  dimers,  with  one  sugar-binding  site 
per  subunit,  although  there  are  a  few  exceptions.  The  dis¬ 
sociation  kinetics  of  lectin-carbohydrate  complexes  are 
very  slow  [69].  There  is  evidence  for  the  importance  of 
molecular  shaf)e  in  lectin-carbohydrate  interactions;  some 
lectins  react  poorly  with  monosaccharides,  but  combine 
readily  with  oligosaccharides.  Some  recognize  only  ter¬ 
minal  nonreducing  saccharides,  while  others  also  recognize 
internal  sugar  sequences  [69].  At  the  present  time,  there  are 
numerous  applications  for  lectins,  a  number  of  which  differ 
from  those  of  antibodies.  They  are  used  without  modifi¬ 
cations  as  agglutinins;  radiolabelled  or  conjugated  with 
enzymes,  biotin,  fluorescent  dyes,  or  colloidal  gold  as  label 
and  indicators  for  glycoproteins,  or  specific  tissues  or  cell 
strains  [69].  Lectins  immobilized  on  chromatography  resins 
or  solid  substrates  are  used  to  isolate  or  purify  oligosacchar¬ 
ides,  glycoproteins,  and  bacterial  cells  [90]. 
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Directions 

Important  theoretical  questions,  intricately  involving  EPS, 
have  been  posed  and  briefly  discussed  in  an  earlier  review 
[29].  Bacterial  EPS  have  also  been  widely  commercialized, 
having  multiple  uses  [18]  including  burgeoning  appli¬ 
cations  in  metal  bioremediation  [12a].  Yet  the  extraordinary 
diversity  of  these  polymers  coupled  with  the  fact  that  only 
a  small  percentage  of  environmental  bacteria  have  yet  been 
isolated,  promises  the  discovery  of  new  and  unique  EPS 
with  different  properties  and  applications.  Antibodies  and 
other  molecular  probes  will  be  used  to  learn  of  their  func¬ 
tion  and  regulation,  and  for  their  purification. 
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Introduction 

^  molecufar  information  provided  by  Time-of-Flight  Secondary  Ion  Mass  Spectrometry  (TOF- 
«  ^udy  synthetic  polymer  surfaces  is  well  established(1 ).  It  has  been  demonstrated  that  prior 
to  ^  attachment  and  fouling  of  submerged  surfaces,  a  conditioning  IBm  of  macromolecules  which  are 
polymers  (proteins,  polysaccharides)  forms  on  the  exposed  material  surface  (2). 
uno^^nding  the  interactions  between  material  surfaces  and  condWoning  film  molecules  is  critical  to 
pr^ngw  prolong  blofilm  adhesion  and  growth.  The  focus  of  this  presentation  is  to  demonstrate 
studying  naturally  occurring  polymers  and  understanding  the  adhesion 
OT  btol^ical  macromolecules  to  surfaces.  Specifically,  two  adhesive  systems  were  studied,  the  mussel 
^i^  protein  (MAP)  expressed  by  the  marine  mussel  Mytilus  eduk  and  polysaccharides  expressed 
by  two  bacterial  strains  of  a  marine  Hyphomonas. 

Mussel  Adhesive  Proteins  (MAP) 

There  are  many  natural  organisms  whose  survival  depends  on  the  ability  to  adhere  to  a  surface  in 
an  aqu^(^  ^vironment.  The  mussel  adhesive  proteins  (MAP)  are  the  bioadhesive  used  by  the  marine 
mussel  M^lusedulis  to  anchor  itself  to  a  variety  of  surfaces  in  a  seawater  environment  (3).  Despite 
,  adhesion  of  the  mussel  to  surfaces  occurs  naturally,  this  function  has  yet 

proteins  out  of  the  natural  environment  An  understanding  of  the  binding 
me<^riism  of  MAP  is  necessary  to  develop  MAP  as  an  aqueous  environment  adhesand  In  biomaterial 
applications  and  to  prevent  the  adhesion  of  mussels  to  marine  vessels. 

I^P  and  an  individual  MAP  fraction  {Mytilus  edulis  fractioned  protein  1,  MeFP-1)  have  been 
to  polystyrene  (PS),  and  poly{octadecytmethacrylate)  (POMA)  substrata  for  analysis  by  TOF- 
SIMS.  Representative  positive  Ion  spectra  for  the  MeFP-l  exposed  surfaces  are  shown  In  Figures  1 
^  2  r^pectively.  Fr^ze  dried  MAP  powder  was  analyzed  by  pressing  the  protein  onto  indium  foil. 

I  hepositive  ion  spectra  for  this  sample  Is  shown  in  Figure  3.  Differences  observed  between  the  three 
spectra  sugg^  a  surface  mediated  effect.  Upon  cursory  inspection,  the  POMA  spectra  contains  many 
of  100  to  150  m/z  and  apparently  related  peaks  from  490  to  560  m/z.  In 
amast,  the^  surface  lacks  these  peaks,  however,  contains  peaks  in  the  region  of  400  to  470  m/z 
^e  fr^e  dried  protein  has  observable  mass  fragment  peaks  out  to  850  m/z  suggesting  that  a 
derr^ni^  effect  on  a  material  surface  or  differences  due  to  the  fractions  present  may  be  responsible 
for  the  observed  differences  between  the  powder  and  the  MeFP-1  on  the  polymer  surfaces  Analysis 

oratoinfilnfrih  P‘'esented  to  determine  if  a  particular  fraction  of  the  mixture  of  MAP 

proteins  confnbutes  to  the  adhesion  of  these  proteins  to  each  of  these  surfaces. 

Polysaccharides  and  the  adhesion  of  Hyphomonas  bacterial  strains 

tj^ically  embedded  in  a  matrix  consisting  of  extracellular  polymeric 
PPQ  ^2^#  7^®  possible  roles  of  the  EPS  matrix  are  numerous;  however,  the  fact  that 

Tn  substratum  points  out  their  role  in  biofilm  formation. 

To  adc^  ^  possible  roles  of  EPS  in  biofilm  formation  the  marine  strain  of  Hyphomonas  serves  as 
organism  One  advantage  of  Hyphomonas  is  that  it  participates  in  both  the  early 
i«  surfaces  and  in  the  subsequent  biofilm  formation  (6).  Another  advantage 

B  that  a  wnant  strain,  Reduced  Adhesive  (RAD),  has  been  isolated,  which  seems  to  be  less  able  to 

Hyphomonas  Wild  Type  (WT)  strain.  By  comparing  the  EPS 
obtained  from  ‘he  RAD  and  WT  strains  one  may  be  able  to  correlate  differences  in  EPS  composition 
to  differences  in  biofilm  formation,  therefore  understanding  the  adhesion  process. 

^  s^ctra  from  these  two  strains  colonized  on  agar  and  polystyrene  surfaces  will  be 

TOfSS  JSlr  1^^  polysaccharide  fractions.  Figures  4  and  5  show  positive  ion 

WT  and  RAD  strains  growing  on  an  agar  plate.  Note  that  differences  can  be 
o^^  be^een  the  two  strains.  The  WT  strain  has  less  even  numbered  mass  peaks  (indicative  of 

the^D  *’®  ''®9'°"  from  1 00  to  1 50  mfe  as  compared  to 

®  ^  on  the  WT  strain  is  absent  from  the 

17®!f  ‘he  relationship  of  TOF-SIMS  spectra  of  the  purified 

fractions  of  the  polysaccharides  will  be  discussed. 
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Figure  1:  TOF-SIMS  positive  ton  spectra  of  mussel  adhesive  fraction  MeFP-1  on  polystyrene 

(A)  100  to  200  mfe 

(B)  200  to  400  m/2 

(C)  400  to  600  m/2 


Figure  2;  TOF-SIMS  positive  ion  spectra  of  mussel  adhesive  fraction  MeFP-1  on 
poly(octadecylmethacrylate 

(A)  100  to  200  m/2 

(B)  200  to  400  m/2 

(C)  400  to  600  m/2 
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Figures:  TOF-SIMS  positive  ion  spectra  of  mussel  adhesive  protein  freeze  dried  pov^der  pressed  onto 
indium  foil 

(A)  100  to  200  m/z 

(B)  200  to  400  m/z 

(C)  400  to  600  m/z 

(D)  600  to  800  m/z 

(E)  800  to  1000  tn/z 
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Figure  4:  TOF-SIMS  positive  ion  spectra  of  Wild  Type  strain  of  Hyphomonas  bacteria  on  an  agar  plate 

(A)  100  to  200  m/z 

(B) 200to400m/z 

(C)  400  to  600  m/2 
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Figure  5:  TOF-SIMS  positive  Ion  spectra  of  REduced  Adhesive  strain  of  Hyphomonas  bacteria  on  an 
agar  plate 

(A)  100  to  200  m/z 

(B)  200  to  400  m/z 

(C)  400  to  600  m/z 
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The  adsorption  behavior  of  extracellular  polymeric  substances  (EPS)  from  the  marine  bacterium  Hyphomonas 
MHS-3  was  investigated  using  attenuated  total  reflection  Fourier  transform  infrared  (ATR/FT-IR)  spectrometry. 
The  protein  fraction  of  the  crude  EPS  (EPS^)  (propanol  precipitated/extracted  with  EDTA)  dominated  the 
adsorption  onto  the  germanium  substratum.  Removal  of  the  Protease  K  accessible  portion  of  the  EPSc  protein, 
and  treatment  with  RNase  and  DNase,  yielded  a  hygroscopic  substance  (EPSp)  which  contained  at  least  one 
adhesive  polysaccharide  component.  Conditioning  the  substratum  with  EPS^  diminished  adsorption  of  the 
polysaccharide  fractions  in  EPSp;  prc-adsorbed  EPSc  protein  was  not  displaced.  The  rate  of  EPS*  adsorption  on 
substrata  conditioned  with  EPSp  was  slower  than  to  clean  germanium;  however,  the  projected  surface  coverage 
of  protein  after  long  times,  bas^  on  an  empirical  datafit,  was  the  same  as  that  for  a  clean  substratum;  the  EPSc 
proteins  did  not  displace  the  pre-adsorbed  adhesive  polysaccharide  fraction.  SDS-PAGE  (Coomassie  blue  stain) 
revealed  an  extensive  homology  between  proteins  from  cell  lysates  and  EPSc  proteins.  However,  distinct 
differences  in  the  banding  pattern  suggested  that  proteins  did  not  originate  primarily  from  cell  lysis  during  the 
extraction  procedure.  The  results  indicate  that  adhesive  components  of  EPS,  with  respect  to  a  hydrophilic 
surface  (germanium),  can  be  cither  protein  or  polysaccharide  and  that  they  may  compete  for  interfacial  binding 
sites. 

KEYWORDS:  extracellular  polymeric  substances,  adhesion,  marine  bacterium,  ATR/FT-IR,  adsorption 


INTRODUCTION 

Bacteria  which  have  colonized  a  surface  are  typically  enveloped  in  a  matrix  of 
extracellular  polymeric  substances  (EPS)  (Costerton  et  aL,  1987;  Cooksey,  1992).  Many 
of  the  functions  of  the  EPS  matrix  are  probably  related  to  maintainance  of  a  favorable 
local  environment  for  cell  subsistence  (Geesey,  1992).  The  intercellular  polymer  network 
may  serve  to  store  nutrients  (Lange,  1976),  shield  cells  from  antagonists  (Hoyle  et  ai, 
1990)  or  optimize  biofilm  architecture  (de  Beer  et  aL,  1993;  Tetz  et  al.,  1993;  Korber 
et  a/.,  1994).  In  addition,  the  composition  of  the  EPS  matrix  can  influence  subsequent 
fouling  by  invertebrate  larvae,  presumably  by  providing  chemical  cues  for  settlement 
(Holmstrom  &  Kjelleberg,  1994).  Scanning  electron  micrographs  of  biofilms  typically 
reveal  strands  of  EPS  anchoring  the  cells  to  each  other  and  to  the  substratum  (Fletcher  Sc 
Floodgate,  1973;  Allison  &  Sutherland,  1987).  These  results  suggest  that  the  EPS  plays 
an  adhesive  role. 
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The  wll  adhesion  process  has  been  described  in  terms  of  a  reversible  adsorption  step 
tollowM  by  processes  which  secure  the  cells  to  the  substratum  irreversibly  (Allison  & 
utherland,  1987;  Croes  et  al.,  1993).  Formation  of  this  more  tenacious  anchor  has  been 
associated  with  extracellular  polysaccharide  production  (Croes  et  al.,  1993).  Presence  of 
a  polysaccharide  rich  capsule  can  either  enhance  (Shea  et  al.,  1994)  or  reduce  (Pringle 
eta/.,  1983;  Rosenbei^g  &  Kjelleberg,  1986;  Wrangstadh  etal.,  1986)  initial  attachment  to 
surfaws.  In  general,  the  results  suggest  that  particular  extracellular  polysaccharides  have 
an  inherently  adhesive  character,  especially  with  respect  to  hydrophilic  surfaces. 
K  cDc  •  research  focus  has  been  on  the  polysaccharide  portion  of  the  EPS, 

the  EPS  typically  contains  a  protein  component  (Humphrey  et  al.,  1979;  Abu  et  al.,  1991- 
Vmcent  et  al.,  1994).  Most  proteins  which  have  been  examined  adsorb  strongiv  to  a 
v^ety  of  substrata  (Brash  &  Horbett,  1987).  As  a  class,  this  implicates  them  as  potential 
adhesive  elements  of  the  EPS  matrix.  f  ai 

Much  progress  has  b^n  made  in  characterizing  proteinaceous  adhesins  employed  by 
^thogenic  bacteria  for  initial  attachment  to  specific  host  tissues  (Jann  &  Jann,  1990) 
However,  the  adhesins  and  molecular  interactions  involved  in  securing  other 'biofilm 
forming  bacteria  to  substrata,  including  marine  bacteria,  have  not  been  clearly  identified. 
Many  studies  have  attempted  to  delineate  general  attributes  of  substrata  or  cells  which 
enhance  or  inhibit  cell  attachment  e.g.  wettability  or  hydrophobicity  (Dexter  et  al.  1975- 
Fletcher  &  Loeb,  1979;  Rosenberg  &  Kjelleberg,  1986;  Busscher  er  al.,  1990).  There  is  a 
growing  consensus  that  hydrophobic  interactions  play  a  dominant  role  (Doyle  & 
Rosenberg,  1990).  In  one  case  EPS  strands  connecting  cells  to  the  substratum  were 
Identified  as  an  acidic  polysaccharide  (Fletcher  &  Floodgate,  1973).  However,  in  general 
the  primary  adhesive  biomolecules  which  lie  immediately  proximal  to  the  surface  have 
not  been  charactenzed.  Identification  of  these  primary  adhesive  biomolecules  and  the 
molwular  interactions  involved  in  binding  to  various  substrata  may  be  a  prerequisite  for 
further  advances  in  control  of  microfouling. 

Adsorption  behavior  has  b^n  used  to  determine  whether  EPS  components  mediate 
attachment  by  correlation  with  whole  cell  behavior  (Pringle  &  Fletcher  1986) 
A^oiption  studies  can  also  be  used  to  identify  EPS  components  which  have  inherently 
sticky  proi^rties  and  thus  are  candidates  for  primary  adhesive  EPS  components.  The 

adsorption  behavior  of  components  of  Hyphomonas  MHS-3 
on  germanium  using  attenuated  total  reflection  Fourier  transform 
(  spectrometiy.  MHS-3  is  a  prosthecate,  biofilm-forming  marine  bacterium 

which  can  thrive  under  both  oligotrophic  and  copiotrophic  conditions  and  has  been 
^plicated  as  a  primary  colonizer  in  the  microfouling  process  (Shen  et  al  1989* 
Quintero  &  Weiner,  1995a,b).  Recent  studies  indicate  that  the  MHW  pofysacc’hS 
nch  extracellular  capsule  serves  as  an  adhesin  (Quintero  &  Weiner,  1995b). 


MATERIALS  AND  METHODS 
Materials 

S^thetic  seawater  consisted  of  the  following  (w/v);  2.3%  NaCl,  0.24%  Na,CO,  0.033% 
Cl,  0.4%  MgC1.6H20,  0.066%  CaCl2.2H20,  pH  adjusted  to  8.0  with  HCl. 
Electrophoresis  reagents  were  from  Bio-Rad  Laboratories  (Richmond,  CA);  cleaning 
reagents  were  from  Aldrich  Chemical  Company;  chemicals  for  colorometric  assays  were 
analytical  grade.  Trypsin  (Bovine  Pancreas  Type  I),  RNase,  DNase  and  Protease  K  were 
from  the  Sigma  Chemical  Company  (St.  Louis,  MO). 
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Culturing  of  bacteria 

Hyphomonas  strain  MHS-3  (MHS-3)  was  isolated  from  shallow  water  sediments  in  Puget 
Sound,  WA  and  cultured  in  Marine  Broth  2216  (37.4  g-l"')  (Difco  Laboratories,  Detroit, 
MI)  at  25°C  on  a  rotating  shaker  at  100  rev-min”'.  Teflon™  mesh  was  introduced  into 
culture  vessels  to  provide  greater  surface  for  attached  growth  (mesh  opening,  1.8  mm, 
thread  diameter,  0.5  mm,  Tetko,  Incorporated,  Briarcliff,  NY). 


Isolation  and  Purification  of  EPS 

Cells  were  harvested  from  an  early  stationary  phase  culture  (defined  conventionally  in 
terms  of  planktonic  growth).  The  spent  medium  was  discarded  and  the  floes  and  the 
biofilm  were  mechanically  removed  from  the  culture  vessel  walls  and  the  teflon  mesh  and 
resuspended  in  synthetic  seawater.  The  cell  suspension  was  centrifuged  at  16,000  xg  for 
20  min.  The  EPS  in  the  supernatant  was  precipitated  with  4  volumes  of  ice-cold 
2-propanol  and  the  cell  pellet  blended  in  a  Waring  blender  with  10  mM  EDTA,  3%  NaCl 
for  1  min  at  4°C.  The  cell  suspension  was  again  centrifuged  for  15  min  at  16,000  xg.  The 
cell  pellet  was  discarded  and  the  supernatant  was  precipitated  with  2-propanol  as  above. 
The  precipitated  EPS  fractions  were  pooled  and  resuspended  in  a  minimum  volume  of 
dHzO  and  dialyzed  exhaustively  against  dHzO.  This  crude  EPS  (EPS^)  was  lyophilized. 

Polysaccharide-enriched  EPS  (EPSp)  was  prepared  by  a  modified  protocol  (Read  & 
Costerton,  1987).  EPSc  was  dissolved  in  a  minimum  volume  of  0. 1  M  MgClj  DNase  and 
RNase  were  added  to  a  final  concentration  of  0. 1  mg-mP',  and  incubated  at  37°C  for  4  h. 
Protease  K  was  added  to  0.1  mg-mP'  and  incubated  at  3TC  overnight.  The  residual 
protein  was  removed  with  a  hot  phenol  extraction,  followed  by  a  chloroform  extraction. 
This  preparation  was  dialyzed  exhaustively  against  dH20  and  lyophilized.  All  EPS 
fractions  were  stored  desiccated,  at  room  temperature. 


Electrophoresis  (SDS/PAGE) 

Tris/glycine-based  gels  (Shapiro  et  al.,  1967)  were  cast  and  run  in  a  Model  220  Vertical 
Slab  Electrophoresis  Cell  (Bio-Rad  Laboratories,  Richmond,  CA).  The  composition  (w/v) 
of  the  stacking  gel  was  3%  acrylamide/0.08%  bisacrylamide;  separating  gels  were  9% 
aciylamide/0.24%  bisacrylamide.  The  running  buffer  was  (w/v)  0.1%  SDS,  2.88% 
glycine,  0.6%  Tris  base.  The  sample  buffer  was  15%  glycerol,  0.2%  dithiothreitol. 
Molecular  masses  were  estimated  using  Sigma  SDS  protein  standards  (M-2789). 

MHS-3  lysate  was  prepared  from  log  phase  planktonic  cultures.  1  ml  aliquots  were 
centrifuged  (10,000  xg)  for  10  min  and  the  supernatant  disc^irded. 

Appropriate  amounts  of  EPS*  and  pelleted  bacteria  were  suspended  in  50  ^1  sample 
buffer,  sonicated  for  10  min  and  boiled  for  10  min  before  being  introduced  to  the  sample 
wells. 


Colorometric  Assays 

Neutral  hexoses  were  determined  using  the  phenol  sulfuric  assay  with  glucose  as  the 
standard  (Dubois  et  al.,  1956).  Proteins  were  estimated  using  the  Lowry  procedure 
(bovine  serum  albumin  standard)  (Lowry  et  al.,  1951).  Uronic  acid  content  was 
determined  using  the  meta-hydroxy  diphenyl  method  of  Blumenkrantz  and  Asboe- 
Hansen  (1973)  modified  by  Kintner  and  Van  Burren  (1982)  with  glucuronic  acid  as  the 
standard. 
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Surface  Preparation 

Single  ciystal,  cylindrical  germanium  (Ge)  internal  reflection  elements  (IRE)  (Spectra 
Tech,  Stamford,  CT)  were  cleaned  by  ultrasonication  in  a  base  bath  (saturated  KOH  in 
isopropyl  alcohol)  for  10  min  followed  by  a  series  of  rinses  which  all  consisted  of 
ultrasonication  in  various  liquids  for  10  min.  Following  die  base  bath  were  two  rinses  in 
ultopure  water  followed  by  a  gentle  scrubbing  with  undiluted  Micro™  cleaning  solution 
using  cotton  swabs.  The  cleaning  solution  was  flushed  off  in  a  hard  stream  of  ultrapure 
water.  The  IRE  was  then  subjected  to  the  following  rinses;  ultrapure  water  (2x),  ethyl 
alcohol,  chloroform  and  dichloromethane.  Auger  electron  spectroscopy  (Phi  595 
scanning  Auger  microprobe)  indicated  that  the  elemental  percent  composition  of  the  first 
few  monolayers  of  Ge  coupons  (Exotic  Materials  Incoiporated,  Costa  Mesa,  CA)  cleaned 
by  this  protocol,  was  9.1 1  ±  1.38%  carbon,  6.51  ±  2.01%  oxygen,  and  83.92  ±  2.24%  Ge. 
This  IS  approximately  the  same  level  of  hydrocarbon  contamination  obtained  after 
exposing  a  carbon-free  (Argon  etched)  Ge  coupon  to  air  for  1  min. 


Adsorption  Protocol 

For  adsorption  experiments  the  cylindrical  IRE  was  positioned  within  a  stainless  steel 
flow  chamber  (Circle  Cell™,  Spectra  Tech).  The  interior  cavity  of  the  flow  chamber  is 

-  cylmdncal  with  a  diameter  of  0.476  cm  and  a  length  of  2.7  cm.  The  volume  contained  in-  ■ 

the  annular  region  be^een  the  surface  of  the  IRE  and  chamber  wall  is  0.289  cm\  Fluid 
^  introduced  and  displaced  through  entrance  and  exit  ports  at  each  end  of  the  cavity. 
The  IRE  was  held  in  place  in  the  chamber  by  two  teflon  0-rings. 

A  simple  flow  through  system  was  used  to  deliver  solutions  into  the  flow  chamber. 
Teflon  valves  (Cole-Parmer,  Niles,  IL)  served  to  shuttle  the  appropriate  solution  into 
tubing  leading  to  the  flow  chamber.  All  tubing  leading  into  the  flow  chamber  as  well  as 
the  fittings  were  teflon  (0.08  cm  ID).  Tubing  was  cleaned  after  each  experiment  by 
sonicating  in  base  bath.  The  section  of  tubing  connecting  the  reservoir  containing  protein 
to  fte  flow  chamber  was  made  as  short  as  possible  (-20  cm).  Effluent  tubing  was  teflon 
and  viton™  (Cole-Parmer,  Niles,  IL).  Huid  was  pumped  by  threading  the  viton  through  a 
penstaltic  pump  (Sage  Instruments,  Cambridge,  MA)  at  0.5  ml  min'T  All  glassware  was 
acid  cleaned  (No  Chromix™  in  concentrated  H2SO4). 

Before  each  adsorption  experiment  die  surface  was  exposed  to  flowing  seawater  for 
20  min.  A  vial  containing  approximately  1  ml  of  the  desired  concentration  of  EPS  was 
inserted  into  the  flow  system  and  the  contents  immediately  pumped  through  a  short 
sechon  of  leader  tubing  and  through  the  flow  chamber  for  105  s.  Flow  was  then  stopped 
to  allow  adsorption  for  100  min.  Adsorption  was  performed  under  these  static  conditions 
to  conserve  EPS.  Flow  was  then  resumed  and  the  surface  Was  rinsed  with  synthetic 
seawater  for  120  min. 


FT-IR  Spectrometry 

During  Ae  course  of  each  experiment  infrared  (IR)  spectra  were  acquired  periodically 
using  a  Perkin  Elmer  Model  1800  Fourier  transform  infrared  (FT-IR)  spectrophotometer 
Experimental  details  are  described  elsewhere  (Suci  &  Geesey,  1995).  FT-IR 
measurements  were  made  in  a  temperature  controlled  room  (25  ±  TO.  For  experiments 
in  which  the  substratum  was  conditioned  with  either  EPS,  or  EPSp  the  spectrum  acquired 

immediately  before  the  second  adsorption  reaction  was  initiated  was  used  as  the 
background. 
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Estimation  of  Surface  Coverage 

xis.T'r  '“k'  r p-”"' -penSz 

app,oxta.„  and  a,,  predicated  on  d.e  il“pS  toSte^ISiS^  m 

duppuiicu  oy  aaia  on  AlK/hT-IR  of  adsorbed  protein  (Pitt  &  Cooner  lORR^  Knf  Koc  « 
been  tested  for  polysaccharides.  With  this  as^su.pl  tht  "'It 

r=lnlO[A„./A,,][l/(l-T*,)][c,,][d/2]A3,  Eqn  1 

where  T  is  pe  surface  coverage  of  adsorbed  substance  (a)  in  mg  cm'^  InlO  k  thp  natural 

r#»ii  T  *  ^  cm  ),  Aa^i  IS  the  absorbance  of  the  substance  in  the  transmission 

t;[""*«"i«ance  of  water  in  the  ATR  mode  at  1640  cm-^^T  ^ 
concentration  of  the  substance  in  the  transmission  cell  ^  tu  *  *’*  • 

stdSt^rsr  ae^ScLt^r.rintr^^^ 

ftrS^aa£S"ATO’''"T  ‘  “”P'“>'*  ““  •baotaL'of  wZ  to 

srandaid  which  ia  close  to  Ita  omS  Ser  (IMS,  Z  J 

EPSp,  c^,  was  assumed  to  be  equivalent  to  the  carbohydrate  content  of  EPSp. 

Langmuir  and  Exponential  Fits 

fs  ‘^dribing  Langntni, 


A  =  A.[((I/KCfc)+ir'l 


Eqn  2 


Nirsoidot  At?hix„Si7oTr^^“  " 

saturation  value  of  the  absorbance  (pro^ted  plateau  for  large  bulk  coLjJaSS 
1  projected  surface  coverage  (P)  using  Equation  1  ’ 

Of  reeeSS:  S^”  l^h"  ^s^tatbS^ 
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essentially  irreversibly  bound.  There  is  no  rigorous  theoretical  model  which  applies  to  the 
case  of  irreversible  adsorption  (Andrade,  1985).  The  use  of  the  Langmuir  model  in  the 
present  context  is  intended  to  be  empirical;  it  serves  to  quantify  the  data  in  terms  of 
affinity  of  the  adsorbate  for  the  surface  for  comparison  purposes. 

In  order  to  quantify  the  hindered  adsorbance  of  protein  on  pre-adsorbed  putative 
polysaccharide  another  empirical  fit  was  employed; 

A  =  pi(  1  -exp[(t-p2)/x))  Eqn  3 

where  A  is  the  absorbance  at  time  t  and  a  best  fit  for  parameters  pi,  pa  and  t  (the  time 
constant)  is  found  using  nonlinear  regression  as  described  above.  The  static  adsorption 
conditions  preclude  discrimination  of  adsorption  kinetics  from  diffusion  limited  mass 
transfer  to  the  interface.  However,  the  above  empirical  (essentially  first  order)  fit  allows  a 
semi-quantitative  comparison  of  data  sets  to  be  made. 

RESULTS 
Biochemical  Assays 

Composition  of  the  major  components  of  Hyphomonas  crude  EPS  (EPSc)  and  partially 
purified  EPS  (EPSp)  are  shown  in  Table  1.  Extraction  of  protein  and  nucleic  acids  from 
EPSc  had  a  profound  effect  on  the  solubility  characteristics.  Whereas  EPS*  must  be 
sonicated  for  an  extended  period  (>  1  h)  in  order  to  solubilize  1  mg-ml"'  in  seawater, 
EPSp  is  completely  dispersed  instantly  in  seawater  at  >  30  mg-mP'.  This  difference  in 
solubility  is  probably  a  reflection  of  a  difference  in  the  colloidal  structure  and  also 
suggests  that  EPSp  is  relatively  hydrophilic  compared  to  EPSc. 

Coomassie  blue  stained  SDS-PAGE  (Fig.  1)  of  cell  lysates  from  planktonic  cultures 
and  EPSc  indicated  an  extensive  homology  between  the  two  sets  of  proteins.  At  least  one 
distinct  high  molecular  weight  band  ((approximately  154kD)  and  two  faint  lower 
molecular  weight  bands  (approximately  44  and  49kD)  were  present  in  the  cell  lysate 
which  were  absent,  or  at  least  much  less  prominent,  in  the  EPSc  proteins  implying  that 
EPSc  proteins  did  not  originate  primarily  from  bacteria  lysed  during  the  extraction 
procedure.  However,  many  of  the  EPS*  proteins  could  well  have  originated  from  cells 
lysed  during  biofiltn  development.  Slight  differences  in  the  banding  pattern  between 
1  IkD  and  13kD  suggest  that  some  proteins  are  present  in  EPSc  which  are  absent  in  the 
cell  lysate.  These  are  candidates  for  specialized  EPS  proteins. 

IR  Spectra  and  Time  Course  of  Binding 

Three  IR  spectra  of  EPS*  are  shown  in  Figure  2.  The  spectrum  of  the  bulk  EPSc  taken  in 
transmission  mode  (Fig.  2a)  contains  bands  at  1645  cm*'  and  1550  cm*'  which  are  typical 


Table  1  Major  components  of  Hyphomonas  MHS-3  EPS  (ifg-mg"*) 


Component 

EPS, 

EPS^ 

Neutral  hexose 

277 

635 

Protein 

409 

135 

Uionic  acids 

5 

30 
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Fig.  1  Coomassie  blue  stained  SDS-PAGE  C  =  cell  F  -  fpc  i  •  ^  ... 

indicated  as  follows  (kD):  1  =  205,  2  =  1 16, 3  =  97.4, 4  =  ^5  =  29,  6  =  calibration  is 

(Miyazawa  &  Blout.  1961;  Bandekar  & 
centered  at  approximately  1086  cm“‘  is  in  a  region  where 
Characteristic  vibrations  (Gael  et  al., 
975).  RNA  and  DNA  also  contain  overlapping  bands  in  this  region  which  have  a 
prominent  maximum  ^tween  1085  cm’'  and  1090  cm"'  (Taillandeir  et  al.,  1985).  Figures 
•  spectra  of  EPSc,  taken  in  ATR  mode,  during  adsorption  and  after  a  120  min 

^pecuvely.  The  amide  I  and  H  bands  contribute  a  larger  proportion  of  the 
for  these  two  latter  spectra  than  the  broad  spectral  featore  contained 

')•  Although  a  small 

(Fig.  2c).  the  irbSids  dominated*  spSS 

interface  when  the  nnse#l  is  initiated,  the  adsoiption  is  essentially  irreversible  After  an 
hour  exposure  to  tiypsin  (1  mg-ml- ,  under  static  conditions)  the  adsorbed  material  can  be 
easily  removed  by  flowing  seawater  (rinse#2). 

Three  sprctra  of  EPSp  ^e  shown  in  Figure  4.  The  spectra  are  displayed  in  the  same 
order^  in  Figure  2.  i.e.  Figure  4a  is  a  transmission  spectrum  of  bulk  EPSp  and  Figures 

rini"i.ri^  w®"  ™  adsorption  (Fig.  4b)  and  at  the  end  of  the 

pc  ^  *8-  In  contrast  to  EPS*  the  broad  spectral  feature  in  the  region  of  the 
spectrom  ^sociated  with  carbohydrate  resonance  frequencies  (1120  cm  '  to  900  cm’’)  is 
prominent  for  both  the  bulk  (Fig.  4a)  and  adsorbed  (Fig.  4b.c)  material.  TOs^roVd 
feature  contains  no  apparent  band  or  shoulder  at  1085  cm''  to  1090  cm"'  which  would 
suggest  the  presence  of  nucleic  acids.  Although  the  bands  centered  at  1646  cm''  and 
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Fig.  2  a  =  IR  transmission  spectrum  of  EPSc  (approximately  20  mg-mr‘);  b  =  ATR  spectrum  of  1  mg-mP’ 
EPSc  in  the  flow  chamber;  amide  I  and  11  bands  are  indicated;  bracketed  portion  contains  bands  emanating 
potentially  from  carbohy rates,  RNA  and  DNA;  c  =  ATR  spectrum  of  adsorbed  EPS^.  at  the  end  of  the  rinse 
period.  Arrows  in  b  and  c  indicate  positions  of  bands  emanating  from  Teflon  O-rings. 
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time  (min) 

Fig.  3  Time  course  of  adsorption  and  desorption  of  EPSc  protein  based  on  areas  of  the  amide  n  band.  Times 
of  rinses  with  seawater  (rinse#  1  and  #2)  are  indicated,  as  well  as  time  of  introduction  of  trypsin  into  the  flow 
chamber. 


1561  cm'  in  the  spectnim  of  the  bulk  EPS,  (Fig.  4a)  may  be  protein  amide  bands,  they 
are  somewhat  atypical  in  this  respect.  It  is  rare  to  find  a  protein  amide  II  absorbance 
above  1560  cm''  (Krimm,  1962;  Nevskaya  &  Chirgadze,  1976;  Moore  &  Krimm,  1976). 
Furthermore,  the  amide  I  and  II  bands  of  proteins  are  typically  of  more  equal  half-widths 
(Fink  et.  al.,  1987;  Ishida  &  Griffiths,  1993a).  The  wide  hand  at  1561  cm"'  may  be 
composed  of  overlapping  bands  from  protein  peptide  linkages  and  N-acetyl  groups  of  a 
polysaccharide  (Quintero  &  Weiner,  1995a).  Amide  vibrations  of  N-acetyl  groups  of 
hyaluronic  acid  are  close  to  1565  cm''  (Parker,  1983)  and  that  of  N-methylacetamide  is  at 
1567  cm'  (Miyazawa  et  al.,  1958).  In  contrast  to  the  EPS„  the  putative  amide  I  and  II 
bands  contribute  proportionately  less  to  the  spectra  of  the  adsorbed  material  (both  during 
adsorption  and  after  the  rinse)  than  to  the  spectrum  of  the  bulk  material.  This  is  especially 
evident  for  the  band  centered  at  1561  cm''  which  is  undetectable  for  adsorption 
exp>eriments  with  bulk  EPSp  less  than  0.2  mg'ml"'  (spectra  not  shown).  In  summary,  the 
carbohydrate  fraction  of  EPSp  (rather  than  any  residual  protein)  appears  to  dominate  the 
adsorption  process. 

In  Figure  4c  bands  used  to  follow  the  adsorption  reaction  involving  components  of 
EPSp  are  indicated  (EPSp  I  and  II).  These  bands  were  chosen  for  the  technical  reason  that 
they  are  less  obscured  by  the  water  background  absorbance  centered  at  1640  cm"'  and  the 
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Fig.  4  a  =  IR  transmission  spectrum  of  EPSp  (30  mg*m!"‘);  b  =  ATR  spectrum  of  0.2  mg-mP'  EPSp  in  the 
flow  chamber;  positions  of  bands  emanating  from  the  Teflon  O-rings  are  indicated;  c  =  ATR  spectrum  of 
adsorbed  EPSp  at  the  end  of  the  rinse  period.  Spectral  features  (EPSp  I  and  II)  used  to  follow  the  adsorption 
reaction  arc  indicated. 
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Fig.  5  Time  course  of  adsorption  and  desorption  of  EPSp  based  on  areas  of  spectral  features,  a  =  EPSp  I;  b  = 
EPSp  II. 

teflon  bands  at  1200  cm“'  and  1 150  cm"'  (which  emanate  from  the  0-rings)  than  other 
spectral  features.  In  addition,  the  wide  spectral  feature  named  EPSp  II  is  located  within 
the  prospective  carbohydrate  region.  For  the  adsorbed  material  (Fig.  4c)  this  spectral 
feature  appears  to  be  composed  primarily  of  bands  centered  at  1060  cm"'  and  1033  cm"'. 
Vibrations  near  1030  cm'^  have  been  assigned  to  C-O-H  deformations  or  C-0  stretch  of 
the  pyranose  ring  (Gael  et  al,  1975;  Parker,  1983;  Ishida  &  Griffiths,  1993b). 
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N-acetyl  groups  such  as  hyaluronic  acid  have  bands  near 
1070  cm  (Parker,  1983).  The  spectral  feature  named  EPSp  I,  centered  at  1395  cm"', 
cannot  be  given  an  unambiguous  assignment.  Carboxylate  salts  commonly  have  a 
symme^c  stretch  in  this  region  (L-Vien  et  al.,  1991)  with  an  accompanying  asymmetric 
stretch  in  the  region  from  1650-1540  cm"'.  However,  for  uronic  acids  this  latter  band  is 
typically  located  near  1600  cm"'  and  is  prominent  (Parker,  1975).  Proteins  normally 
display  a  band  in  this  region.  However,  as  mentioned  above,  for  low  surface  coverages'of 
EPSp,  the  putative  amide  II  band  centered  at  1561  cm"'  becomes  undetectable,  while  EPS 
I  remains  conspicuous.  At  these  low  surface  coverages,  it  becomes  impossible  to 
distinguish  the  band  centered  at  1646  cm"',  (another  candidate  for  the  asymmetric 
carboxylate  stretch),  from  the  strong  background  water  absorbance  at  1640  cm~‘. 

Figure  5  shows  the  time  course  of  EPSp  adsorption/desorption  from  the  substratum 
based  on  the  areas  of  EPSp  I  and  II  (Fig.  4c).  Although  there  is  some  desorption  after  the 
rinse  is  initiated,  a  major  fraction  of  the  material  is  retained  on  the  surface  at  the  end  of 
the  rinse  period. 


EPS  Binding  Curves 

-4ft-order  to  construct  binding  curves  for  the  various  EPS  preparations,  the  areas  of 
^rtinent  spectral  features  at  the  end  of  the  rinse  period  have  been  plotted  against  the 
bulk  concentration  to  which  the  substratum  was  exposed.  The  binding  curves  have  been 
fit  with  a  I^ngmuir  model  (Eqn  2).  Parameters  (K"^  and  D  obtained  from  the  Langmuir 
fits  to  binding  curves  are  listed  in  Table  2.  Binding  curves  presented  below  (Figs  6,  7a, 
7^  have  been  plotted  in  terms  of  area  of  the  spectral  feature  vj  total  concentration  of  bulk 
EPS.  To  obtain  the  parameters  K"'  and  T,  ordinate  and  abscissa  values  must  be  converted 
to  surface  coverage  and  concentration  of  the  specific  EPS  component,  respeQtively  (see 
Methods).  Using  the  total  carbohydrate  content  of  EPSp  for  these  estimates  yields 
maximum  estimates  of  K“‘  and  F.  ^ 

The  binding  curve  for  the  protein  fraction  of  EPSc  (amide  II  band  vj  bulk 
concentration)  is  shown  in  Figure  6.  The  fit  to  the  Langmuir  model  is  shown  by  the 
dotted  hne.  The  adsorbed  quantity  at  a  1  mg-ml"'  bulk  concentration  exhibits  an  extent  of 
variability  not  observed  at  lower  concentrations.  The  mean  of  these  five  adsorption 
experiments  is  indicated  by  the  open  square  symbol. 


Table  2  Parameter  fits  to  the  Langmuir  model  (Eqn  2).  Data  arc  presented  in  Figures  6  and  7.  Sec  text  for 
conversion  of  spectral  features  to  surface  coverage  (F).  Lower  values  of  K'*'  imply  greater  binding  affinity. 


Hyphomonas  EPS“ 


Literature  (proteins) 


parameteP 


Amide  II 
(EPSd 


EPS„I 


EPS„II 


r(ng.cm’)  0.179±0.019  0.I43±0.0I5  0.143±0.017  0.281  ±0.010  0.5 

K‘'(mg-ml  ')  0.049  ±  0.015  0.270  ±  0.047  0.033  ±0.010  0.017  ±  0.002  0.103 

i  K  mussel  adhesive  protein  on  germanium;  binding  curve  previously  published  (Suci  &.  Geesey,  1995) 

II  bovine  serum  albumin  on  methylated  surface  (estimated  from  Fig.  5).  Koltisko  &  Walton  1985 

III  =  gamma-globultn  on  silicone  rubber  (Watkins  &  Robertson,  1977); 

"Identified  by  IR  spectral  feature 

Fits  for  EPS,  I  and  11  arc  to  data  points  for  bulk  concentrations  <  5mg  mr' 


0.25 

0.006 
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bulk  cone  (mg/ml) 


I’lg.  6  Binding  curve  of  the  EPS,  protein  fraction. 
1  mg  m!  bulk  concentration;  —  =  the  Ungmuir  fit. 


contamination.  However,  the  extent  ofTdsoiption  at  thhSveTv  h  if  “ 

Md282r‘°"  absortantS'i^SH" 

was  initiated  (daS  ^  the  adsorption 

barely  achieved  at  5  mg-mr'  bulk  concentration  ^  to^°  EpT  HoSer  AifI 
explain  the  enhancement  of  adsorption  above  the  mean  S  two  experinS.  * 


Interaction  Between  Proteins  and  Polysaccharides 


Conditioning  the  germanium  substratum  with  EP*?  imrvHoc  «.^o  .•  . 

different  degrees  of  surface  coveraee  of  EP<5  u/^*  ‘t®scnbed  above.  Substrata  which  had 
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Fig.  7  a,  b  =  binding  curves  for  putative  polysaccharide  fractions  of  EPS,  □  =  the  position  of  the  average  of 
the  five  data  points  at  5  rng  ml''  bulk  concentration;  —  =  the  Langmuir  fit  to  all  data  points; ...  =  the  fit  to  data 
points  for  bulk  concentrations  <  5  mg-ml''. 


for  adsorption  experiments  to  the  clean  substratum  (100  min  adsorption/120  min  rinse). 
(The  adsorption  attained  a  plateau  during  the  100  min  time  period).  The  results  are 
summarized  in  Figure  8  in  which  the  areas  of  the  spectral  feature  EPSp  II  at  the  end  of  the 
second  rinse  period  are  plotted  against  the  amount  of  pre-adsorbed  protein  from  EPSc 
(amide  II  area).  (Results  for  EPSp  I  are  similar).  The  negative  correlation  between  surface 
coverage  of  pre-adsorbed  EPSc  and  area  of  the  spectral  feature  EPSp  11  is  apparent. 

In  order  to  see  whether  the  protein  from  the  EPSc  would  displace  the  putative 
polysaccharides  (from  which  spectral  features  EPSp  I  and  II  emanate),  EPSp  was  adsorted 
at  a  concentration  of  1  mg.ml"'  using  the  standard  protocol.  The  surface  conditioned  with 
EPSp  was  then  exposed  to  a  1  mg-ml''  bulk  concentration  of  the  EPSc.  Figure  9  shows  Ae 
time  course  of  the  change  in  the  amide  II  band  (Fig.  9a)  and  in  EPSp  II  (Fig.  9b)  during 
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amide  II  (EPS^,) 


fe^«onfromEPs!^Cnrat^ro2"tt,^c^  P"'"'*''®  Mysaccharide 


'^SfaTir  *" 

10  min  (5  experiments)  ^  ^  ^  substratum  is  40  ± 

Wn  fraction  from  EPS. 

r^n‘27ndTaterthTt‘^^^^^^  T  sloterVem^iLTfi" 

Kv:ci-~ 

alfo^Rg^S  experiments:  0.257  ±  0.5S*Tbs.m-')‘'(sS 


no  PASUCICTAL 


Fig.  9  a  =  time  course  of  binding  of  protein  for  EPSc  onto  substratum  conditioned  with  EPSp  at  1  mg  mr'  with 
time  constant  indicated  (see  text);  b  =  change  in  area  of  EPSp  during  protein  binding;  arrow  indicates  area  of 
this  region  before  exposure  to  protein;  insert  is  difference  spectrum  of  this  region  at  the  end  of  the  rinse  period 
with  characteristic  features  indicated. 


1986).  In  order  to  make  definite  structure/function  assignments  these  studies  must  be 
supplemented  with  data  acquired  using  other  methods  e.g.  direct  observation  (Fletcher  & 
Floodgate,  1973)  or  footprint  analysis  (Neu,  1992).  In  this  context,  adsorption  studies 
can  indicate  interactions  between  biomolecules  and  surfaces  which  merit  scrutiny. 

In  this  report,  adsorption  behavior  of  crude  EPS  (EPSc)  from  biofilms  of  Hyphomonas 
MHS-3  has  been  compared  to  EPS  from  which  a  large  portion  of  the  protein,  DNA  and 
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has  been  removed  (EPSp).  The  protein  dominates  the  adsorption  process  for  EPS 
Removal  of  the  Protease  K  accessible  protein  allows  adsorption  of  two  putative 
polysaccharide  components  to  be  detected.  In  terms  of  adsorption  behavior  the 
interaction  between  protein  and  polysaccharide  in  the  EPS  is  apparently  antagonistic; 
they  appear  to  compete  for  the  same  sites  on  the  substratum.  It  is  apparent  from  the  data 
that  even  EPSp  consists  of  a  mixture  of  biomolecules.  It  is  likely  that  the  chaotic 
adsorption  behavior  at  5  mg-ml''  bulk  concentration  (Fig.  7b)  can  be  attributed  to 
interactions  between  minor  components  of  this  mixture  which  begin  to  exert  an  influence 
at  some  threshold  concentration.  However,  the  nature  of  the  critical  eovemine 
interactions  remains  illusive.  ® 

Characterization  of  adsorption  behavior  yields  an  estimate  of  affinity  for  the  surface  of 
the  various  molecular  species.  The  Langmuir  model  has  been  applied  here  to  allow  a 
quantitative  appraisal  of  binding  affinity,  with  the  understanding  that  its  application  is  not 
n^rous.  Intuitively,  it  might  be  expected  that  an  adsorbent  with  a  strong  affinity  for  a 
surface  would  adsorb  out  of  relatively  dilute  bulk  solutions  and  would  have  a  high  density  of 
^verage  at  saturation.  TTie  parameters  K'"  and  F  listed  in  Table  2  reflect  these  adsorption 
tendencies.  In  addition,  this  approach  allows  comparison  of  adsoiption  behavior  with  results 
of  other  investigators,  some  of  whom  have  applied  the  Langmuir  model  to  quantify 
irreversible  adsorption  behavior  (Pringle  &  Hetcher,  1986;  Watkins  &  Robertson,  1977). 

Using  the  parameters  obtained  from  the  Langmuir  fit  as  an  index  of  binding  affinity 
both  the  protein  fraction  from  the  EPSc  and  the  putative  polysaccharide  fraction  of  EPS* 
corresponding  to  the  spectral  feature  EPS,  II  are  quite  sticky.  The  EPS  component 
responsible  for  the  spectral  feature  EPSp  I  (which  cannot  be  unambiguously  assigned)  is 
somewhat  less  sticky.  This  assessment  has  been  made  based  on  a  comparison  with  typical 
values  for  globular  blood  proteins  (Brash  &  Horbett,  1987),  which  are  conventionally 
considered  to  be  strong  adsorbents,  from  comparison  to  adsorption  data  for  an  EPS  from 
another  marine  biofilm  forming  organism  (Pringle  &  Fletcher,  1986),  and  from  data 
collwt^  in  toe  authors’  laboratory  on  the  adsorption  of  adhesive  protein  from  Mytilus 
edulis  (Suci  &  Geesey,  1995). 

It  is  notable  that  the  Hyphomonas  EPS  contains  at  least  one  adhesive  protein  and  at 
least  one  adhesive  polysaccharide.  The  literature  indicates  that,  in  general,  proteins 
adsorb  strongly  to  most  surfaces.  Hoiyever,  it  is  important  to  mitigate  this  generalization 
wito  the  qualification  that  the  majority  of  research  in  this  respect  has  been  done  on 
globular  blood  proteins,  which  may  have  inherently  adhesive  properties. 

Polysaccharides  are  not  considered  to  be  universally  strong  adsorbents.  Results 
indicate  that  presence  of  a  preformed  polysaccharide  rich  capsule  may  impede  initial  cell 
atochment  to  hydrophobic  surfaces  (Wrangstadh  et  al.,  1986;  Rosenberg  &  Kjelleberg, 
1986)  or  enhance  binding  preferentially  to  hydrophilic  surfaces  (Shea  &  Smith- 
Somerville,  1994).  The  uronic  acid-containing  polysaccharide,  alginate,  adsorbs  only 
^  germanium  and  polystyrene  (Ishida  &  Griffiths,  1993b,  Suci  &  Geesey 
1995).  Ihis  suggests  that  affinity  for  hydrophilic  surfaces  is  not  a  universal  characteristic 
of  functionalized  polysaccharides,  and  must  be  conferred  by  appropriate  molecular 
architecture.  It  has  been  proposed  that  polysaccharides  functionalized  with  methyl  or 
acetyl  groups  may  exhibit  protein-like  adsorption  behavior  as  a  result  of  the  consequent 
hydrophobic  domains  (Christensen  et  al.,  1985).  Extracellular  polysaccharides  produced 
f  presumably  attain  sufficient  concentration  to  confer  an  extent 

Of  adhesion  originating  purely  from  their  viscosity  (Humphrey  et  aL,  1979)  The 
Hyphomonas  polysaccharide  responsible  for  the  spectral  feature  EPS-  ifadsorbs  from 
dtiute  solutmns  which  suggests  that  it  may  have  been  specially  synthesized  as  a  primary 
adhesive  EPS  component.  ^ 
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Although  chemical  characterization  of  bacterial  EPS  has  revealed  that  it  is  typically 
1  u  s‘«"‘ficant  amounts  of  both  protein  and  carbohydrate  (Humphrey  et  al 
1979;  Abu  er  al.,  1991),  there  are  few  studies  which  have  investigated  the  interaction 
between  the  protein  and  polysaccharide  EPS  components  in  mediating  adhesion  of 
bacteria  to  surfaces.  The  SDS-PAGE  banding  pattern  suggests  that  many  EPSc  proteins 
onginate  from  processes  related  to  cell  lysis  which  occur  during  biolilm  development 
There  IS  some  slight  evidence  for  the  presence  of  specialized  EPS  matrix  proteins 
Collectively  these  proteins  do  not  appear  to  perform  the  clear  function  of  serving  to 
mediate  adhesion  between  the  substratum  and  (structural)  polysaccharides.  However  the 
possibility  remains  that  there  may  be  particular  proteins  contained  within  this  set  which 
do  serve  this  function. 

The  proteins  contained  within  EPSc  do  not  readily  displace  the  adhesive  EPS 
polysaccharide  fraction.  In  contrast,  they  adsorb  either  to  unoccupied  sites  on  the 
substratum  or  to  the  bound  polysaccharides.  This  leads  to  the  possibility  that  they  may 
serve  to  pin  these  polysaccharides  more  tenaciously  to  the  surface.  This  type  of 
&^Granick  *i99^"  observed  between  macromolecules  adsorbing  to  substrata  (Johnson 
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A  putalive  polysaccharide  adhesin  which  mediates  non-specific  attachment  of  Hrphomonas  MHS-3  (MHS-3)  to 
isolated  and  partially  characterized.  A  poly.saccharide-cnrichcd  portion  oHhe 
extracellular  polymeric  .substance  (EPS,)  from  MHS-3  was  separated  into  four  fractions  using  high  performance 
siK  exclusion  ^^o^aWgraphy  (HPSEC).  Comparison  of  chromatograms  of  EPS,  from  MHS-3  and  a  reduced 
hesion  strain  (MHS-3  rad)  suggested  that  one  EPS,  fraction,  which  consisted  of  carbohydrate,  .served  as  an 
Fourier  germanium  (Ge)  was  investigated  using  attenuated  total  reflection 

rclativeirw Jh  (ATR^-IR)  spwtrometry.  Bindtng  curves  indicated  that  the  isolated  fraction  had  a 

ntoMhf /ma  w  ^  «<*>'esive  protein  from  Mytilis  edulis,  mus.sel  adhesive 

-  re  wtnrifu  (alginate  from  Macrocystis  pyrifera).  Spectral  features  were  used 

to  Identify  the  frartion  as  a  polysaccharide  previously  reported  to  adsorb  preferentially  out  of  the  EPS.  mixture 
S  anr"'"®  substratum  with  either  bovine  serum  albumin  (BSA)  or  MAP  decreased  the  adsorption  of 
whoff  cell's  significantly.  Conditioning  Ge  with  these  proteins  also  decreased  adhTsion  of 

KEYWORDS:  extracellular  polymeric  substances,  adhesion,  marine  bacterium,  conditioning  films 


INTRODUCTION 

Bacterial  colonization  of  surfaces  can  be  engineered  for  useful  purposes  c  je  in 
wastewater  treatment  (Bryers  &  Characklis,  1990),  or  can  lead  to  deleterious 
consequences,  e.g.  pathogenesis  (Evans  et  ai,  1993),  persistent  implant-associated 
mfections  (Gnstina,  1987),  or  fouling  of  industrial  machinery  (VSisanen  et  ai,  1994). 
Specific  protein/ligand  interactions  have  been  found  to  mediate  adhesion  in  some 
special!^  ecosystems.  Examples  include  adhesion  of  pathogens  to  host  tissues  (Jann  & 
Jann  1990),  of  oral  bacteria  to  components  of  the  pellicle  (Clark  et  ai,  1989).  and  of 
cellulolytic  bacteria  to  cellulose  (Salamitou  et  ai,  1994).  It  seems  reasonable  to  suppose 
that,  in  general,  adhesion  of  bacteria  to  inert  surfaces  is  a  more  generic  phenomenon,  i.e 
not  likely  to  involve  interaction  between  ligands  and  customized  binding  pockets. 
However,  there  is  evidence  that  specialized  biomolecules  have  evolved  to  serve  as 
(non-specific)  adhesins  to  inert  surfaces  (Rosenberg  et  ai,  1982;  Bar-ness  et  al 
1988;  Bashan  &  Levanony,  1988;  Zottola,  1991;  Yun  et  ai,  1994)  and  that  the  molecular 
architecture  of  extracellular  components  may  be  fashioned  for  adhesion  to  (Shea  & 
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Smith-Somerville*  1994),  or  detachment  from,  inert  surfaces  (Pringle  et  al.^  1983; 
Wrangstadh  era/.,  1986). 

Various  approaches  have  been  taken  in  order  to  investigate  the  biochemistry  of 
adhesion  to  inert  (or  inanimate)  surfaces  including  inhibition  assays  (Merker  &  Smit, 
1988;  Quintero  &  Weiner,  1995),  footprint  analysis  (Nue,  1992),  enzyme  treatment  (Paul 
&  Jeffrey,  1985)  and  adsorption  assays  (Pringle  &  Fletcher,  1986;  Bidle  et  ai,  1993). 
Adsorption  of  organic  compounds  probably  begins  immediately  after  a  material  is  placed 
in  any  natural  water  (Baier  et  aL\  1983).  Interactions  between  this  initial  “conditioning 
film”  and  compounds  proximal  to  the  interface  continue  as  the  fouling  process 
progresses  (Baty  et  ai,  1996b).  Many  of  these  compounds  will  be  biopolymers 
introduced  by  members  of  the  fouling  community.  The  more  adhesive  compounds  may 
become  part  of  the  adsorbed  film  which  eventually  mediates  the  adhesive  bond  anchoring 
the  fouling  community  to  the  substratum.  Adsorption  studies  can  help  elucidate  which 
factors  determine  the  composition  and  binding  properties  of  this  interfacial  film. 

Surface  associated  microorganisms  (biofilms)  are  typically  embedded  in  a  matrix  of 
extracellular  polymeric  substance(s)  (EPS)  (Costerton  et  ai,  1987;  Cooksey,  1992).  The 
EPS  matrix  is  often  composed  primarily,  but  not  exclusively,  of  polysaccharides.  It 
typically  contains  a  mixture  of  biomolecules  including  a  significant  protein  fraction 
(Humphrey  et  al.^  1979;  Abu  et  aL,  1991;  Vincent  et  al.^  1994).  Therefore,  the  EPS 
components  from  one  organism  can  present  a  complex  set  of  interaction  possibilities  at 
an  interface.  It  has  been  found  that  the  EPS  from  Hyphomonas  MHS-3  (MHS-3)  contains 
at  least  one  polysaccharide  component  which  binds  strongly  to  a  clean  Ge  surface,  and 
— that  this  binding  appeared  to  be  blocked  by  conditioning  the  surface  with  intrinsic  EPS 
proteins  (Suci  et  al.y  1995).  In  order  to  further  characterize  these  interactions,  the  most 
adhesive  polysaccharide  EPS  component  has  been  isolated  using  high  performance  size 
exclusion  chromatography  (HPSEC)  and  its  adsorption  behavior  has  been  studied  on  Ge, 
and  Ge  conditioned  with  proteins  expected  to  confer  widely  different  surface  properties 
to  the  substratum  viz.  a  globular  blood  protein  (bovine  serum  albumin)  (BSA)  and 
proteins  from  the  adhesive  plaque  of  Mytilis  edulis  (mussel  adhesive  protein)  (MAP) 
(Waite,  1990).  BSA  inhibits  cell  adhesion  in  many  cases  and  is  used  to  block  non-specific 
binding  sites  (Goding,  1983).  In  contrast,  MAP  promotes  adhesion  of  a  variety  of  cell 
types  (Benedict  &  Picciano,  1987;  Hotter,  1988)  and  has  been  shown  to  enhance  alginate 
adsorption  in  seawater  (Suci  &  Geesey,  1995).  The  adhesion  behavior  of  MHS-3  whole 
cells  has  also  been  characterized  on  these  surfaces. 


MATERIALS  AND  METHODS 


Bacterial  Strains  and  Cell  Culturing 

MHS-3  was  isolated  from  shallow  water  sediments  in  Puget  Sound,  WA.  A  reduced 
adhesion  strain  (MHS-3  rad)  was  isolated  on  the  basis  of  distinct  colony  morphology 
when  cultured  on  marine  agar  plates  (Quintero  &  Weiner,  1995).  Cultures  of  MHS-3 
and  MHS-3  rad  were  grown  in  Marine  Broth  2216  (37,4  g  P')  (Difeo  Laboratories, 
Detroit,  MI)  at  25®C  on  a  rotating  shaker  at  100  revs  min“’.  Teflon^*^  mesh  was 
introduced  into  the  culture  vessels  to  provide  greater  surface  area  for  attached  growth 
(mesh  opening,  1.8  mm,  thread  diameter,  0.5  mm,  Tetko,  Incorporated,  Briarcliff,  NY). 
The  attached  cells  and  associated  EPS  were  harvested  from  a  culture  in  which  the 
suspended  cell  population  had  just  entered  stationary  phase.  The  medium  was  poured  off 
and  the  biofilm  was  removed  from  the  teflon  mesh  and  the  sides  of  the  culture  vessel 
walls  by  scraping. 
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EPS  Extraction 

ArtA  ^  extracted  in  two  steps.  The  cell  suspension  was  centrifuged  for  20  min  at 
lo.OOOxg,  and  the  “loosely  bound”  EPS  in  the  supernatant  was  precipitated  with 
4  volumes  of  ice  cold  2-propanol.  The  more  “tightly  bound”  EPS  was  extracted  from  the 
cell  pellet.  The  cell  pellet  was  blended  in  a  Waring  blender  in  a  minimum  volume  of 
10  mM  EDTA,  3%  NaCI  for  1  min  at  4°C.  The  suspension  was  centrifuged  for  15  min  at 
loOOOxg  and  the  EPS  from  the  supernatant  was  precipitated  using  2-propanol  as 
described  above. 


EPS  Purification 

A  crude  EPS  preparation  was  obtained  by  pooling  the  two  EPS  fractions  and 
resuspending  in  a  minimum  volume  of  distilled  water  (dHjO).  They  were  then  dialyzed 
for  12  h  against  dHjO  and  lyophilized.  Polysaccharide-enriched  EPS  (EPS„)  was  prepared 
by  a  published  protocol  (Read  &  Costerton,  1987).  EPS  was  dissolved  in  a  minimum 
volume  of  0.1  M  MgCl2,  and  DNase  and  RNa.se  were  added  to  a  final  concentration  of 
0. 1  mg  ml  .  followed  by  incubation  at  37°C  for  4  h.  Protease  K  was  added  to  0. 1  mg  ml'' 
and  incubated  at  37°C  overnight.  Residual  protein  was  removed  with  a  hot  phenol 
extraction,  followed  by  a  chloroform  extraction.  The  preparation  was  dialyzed  for  12  h 

against  dHjO  and  lyophilized.  The  EPSp  preparations  were  stored  desiccated  at  room 
temperature. 

HPSEC  fractionation  of  EPSp  was  performed  using  a  Hewlet  Packard  1090  liquid' 
D  equipped  with  an  on-line  diode  array  UV-VIS  detector  (Shodex  OHpack 

B-2004  column).  The  mobile  phase  was  0.5  M  NaCI,  0.05  M  Na2HP04  at  pH  7.0  in 
dH20.  EPSp  was  dissolved  in  mobile  phase  at  a  concentration  of  1  mg  ml"'  and  filtered 
through  a  0.22  pm  millipore  filter.  The  injected  sample  volume  was  1  ml.  The  column 
was  run  at  room  temperature  at  a  flow  rate  of  0.9  ml  min*'.  Separated  EPSp  fractions 
were  collected  post  column  and  concentrated  in  0.01  M  NaCI  using  ultrafiltration 
(Amicon  8010  stirred  ultrafiltration  cell,  Amicon  5YM5  membrane).  The  concentrated 
fractions  were  stored  at  -40°C. 


Chemical  Analysis  of  EPS 

Neutral  hexoses  were  determined  using  the  phenol  sulfuric  acid  assay  with  glucose  as  the 
standard  (Dubois  et  al.,  1956).  Proteins  were  estimated  using  the  Lowiy  procedure  with 
BSA  as  standard  (Lowiy  etai,  1951).  Total  organic  carbon  (TOC)  was  analyzed  using  a 
Dohrmann  DC  80  total  organic  carbon  analyzer. 

^  lipopolysaccharide  (LPS)  was  identified  using  a  monoclonal  antibody  (Busch, 
1993)  and  Western  blots.  Polyacrylamide  gels  were  run  on  a  “Mighty  Small  II  SE  250” 
mmi-gel  apparatus  from  Hoeffer  Scientific  with  a  8%  Tris/glycine  separating  gel  at  pH 
8  8  and  4%  Tns/glycine  stacking  gel  at  pH  6.8  (acrylamide/bisacrylamide  ratio  was 
3T5:I).  Running  buffer  was  3.0  g  I*'  Tris  Base,  14.4  g  I*'  glycine  and  1  g  I*'  SDS  in 
dH20.  Sample  buffer  was  1.52  g  Tris  Ba.se,  20  ml  glycerol,  2.0  g  SDS,  1.0  mg 
bromphenol  blue  and  80  ml  dH20  (pH  6.8).  Aliquots  (10  pi)  of  sample  were  mixed  with 
an  equal  volume  of  sample  buffer.  The  mixture  was  loaded  on  individual  wells  and 
electrophoresis  carried  out  at  30  mA/gel  for  1.5  h.  Electroblotting  was  for  2  h  onto  a 
nitrocellulo.se  filter  (2117  multiphor  11  electrophoresis  unit  from  Pharmacia)  in  buffer 
consisting  of  2.93  g  glycine,  5.81  g  Tris  Base,  0.375  g  SDS  and  200  ml  methanol 
dissolved  in  800  ml  dH20.  After  wa.shing  in  20  ml  of  5%  skim  milk  for  0.5  h,  the 
mtrocellulo.se  was  incubated  at  25'’C  overnight  with  anti-LPS  monoclonal  antibody 
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diluted  1:1000  in  20  ml  skim  milk.  The  nitrocellulose  was  washed  three  times  in  a 
PBS-Tween  solution  (8.0  g  I"'  NaCI,  2  g  I"'  KCI,  1 . 1 5  gP'  NaaHP04, 0.2  g  P'  KH2PO4  and 
0.5  ml  P'  Tween-20  at  pH  7.4),  then  incubated  at  25“C  for  2  h  with  a  1:1000  diluted 
horseradish  peroxidase  labelled  goat  anti-mouse  IgG  antiserum.  The  nitrocellulose  was 
again  washed  three  times  in  PBS-Tween  and  placed  in  a  developing  solution  containing 
1.0  ml  Tris  buffer  at  pH  8.0,  20  mg  4-choro-l-napthol  and  5  |Xl  50%  H2O2. 

Surface  Preparation 

Single  crystal,  cylindrical  germanium  (Ge)  internal  reflection  elements  (IRE)  (Spectra 
Tech,  Stamford,  CT)  were  cleaned  by  ultrasonication  in  a  base  bath  (saturated  KOH  in 
isopropyl  alcohol)  for  10  min.  Following  the  base  bath  were  two  rinses  in  ultrapure  water 
followed  by  a  gentle  scrubbing  with  undiluted  Micro^^  cleaning  solution  using  cotton 
swabs.  The  cleaning  solution  was  flushed  off  in  a  hard  stream  of  ultrapure  water.  The  IRE 
was  then  subjected  to  the  following  rinses,  which  consisted  of  a  10  min  ultrasonication  in 
each  liquid:  ultrapure  water  (2x),  ethyl  alcohol,  chloroform  and  dichloromethane.  The 
advancing  contact  angle  of  Ge  surfaces  cleaned  by  this  protocol  is  between  10°  and  20°, 
and  Auger  electron  spectroscopy  (Phi  595  scanning  Auger  microprobe)  indicated  that  the 
elemental  composition  of  the  first  few  monolayers  was  9.11  ±  1.38  carbon,  6.51  ±  2.01 
oxygen  and  83.92  ±  2.24  Ge, 

Adsorption  Protocol 

All  adsorption  experiments  were  conducted  using  synthetic  seawater  as  the  aqueous 
solvent  (w/v),  viz.  2.3%  NaCl,  0.024%  NajCO.,,  0,033%  KCl,  0.4%  MgCI.  6H2O,  0.066% 
CaCl2.  2H2O,  pH  adjusted  to  8.0  with  HCl.  For  seawater  lacking  divalent  cations  the 
NaCl  was  increased  to  3.29%  to  elevate  its  ionic  strength  to  that  of  the  seawater 
containing  divalent  cations.  This  preparation  was  used  for  adsorption  experiments  with 
alginate,  which  is  not  soluble  in  the  presence  of  divalent  cations. 

For  adsorption  experiments  the  cylindrical  IRE  was  positioned  within  a  stainless  steel 
flow  chamber  (Circle  Ceir*^,  Spectra  Tech).  Details  have  been  described  elsewhere  (Suci 
&  Geesey,  1995).  A  simple  flow  through  system  was  used  to  deliver  solutions  into  the 
flow  chamber.  Teflon  valves  (Cole-Parmer,  Niles,  IL)  served  to  shuttle  the  appropriate 
solution  into  tubing  leading  to  the  flow  chamber.  All  tubing  leading  into  the  flow 
chamber  as  well  as  the  fittings  were  teflon  (0.08cm  I  D). 

Before  each  adsorption  experiment  the  surface  was  exposed  to  flowing  synthetic 
seawater  for  20  min.  A  vial  containing  approximately  1  ml  of  the  appropriate  substance 
was  inserted  into  the  flow  system  and  the  contents  immediately  pumped  through  a  short 
section  of  leader  tubing  and  through  the  flow  chamber  for  105  s.  Flow  was  then  stopped 
to  allow  adsorption.  Adsorption  was  performed  under  these  static  conditions  to  conserve 
purified  polysaccharide.  Flow  was  then  resumed  and  the  surface  was  rinsed  with 
synthetic  seawater.  Binding  curves  were  obtained  as  step  isotherms  (Hlady  et  ai,  1985). 
At  each  bulk  concentration  the  adsorption  reaction  was  preformed  for  60  min  under 
quiescent  conditions  followed  by  a  30  min  rinse  with  synthetic  seawater.  For 
conditioning  with  proteins,  adsorption  was  for  60  min  under  quiescent  conditions  at 
0. 1  mg  mr‘  for  MAP  and  0.5mg  ml"'  for  BSA  followed  by  a  60  min  rinse  as  above. 

FT-IR  Spectrometry 

During  the  course  of  each  experiment  infrared  (IR)  spectra  were  acquired  periodically 
using  a  Perkin  Elmer  Model  1800  Fourier  transform  infrared  (FT-IR)  spectrophotometer. 
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Experimental  details  are  described  elsewhere  (Suci  &  Geesey,  1995).  FT-IR 
measurements  were  made  in  a  temperature  controlled  room  (25  ±  TC).  For  experiments 
in  which  the  substratum  was  conditioned  with  BSA  or  MAP,  the  spectrum  acquired 
immediately  before  the  initiation  of  second  adsorption  reaction  was  used  as  the 
background. 


Langmuir  Fit 

The  binding  curves  were  fit  to  a  Langmuir  model.  The  equation  describing  Langmuir 
adsorption  is: 

A  =  4[((l/KcH)+ir']  Eqnl 


where  K  is  the  binding  (association)  constant,  Ch  is  the  concentration  of  the  substance  in 
bulk  solution,  A  is  the  absorbance  (or  band  area  in  abs  cm'*)  and  A^  is  the  (estimated) 
saturation  value  of  the  absorbance  (projected  plateau  for  large  bulk  concentrations).  Best 
fits  for  the  parameters  K  and  Aj,  were  obtained  by  nonlinear  regression  using  the  software 
provided  with  the  SigmaPIot^*^  application  (Jandell  Scientific,  Corte  Madera,  CA).  A.;  is 
then  converted  to  surface  coverage  (F)  as  described  below. 

Theoretical  justification  for  application  of  the  Langmuir  model  relies  on  demonstration 
of  reversible  adsorption.  In  the  present  case  the  adsorbed  components  analyzed  are 
essentially  irreversibly  bound.  There  is  no  rigorous  theoretical  model  which  applies  to  the 
case  of  irreversible  adsorption  (Andrade,  1985).  The  use  of  the  Langmuir  model  in  the 
present  context  is  intended  to  be  empirical;  it  serves  to  quantify  the  data  in  terms  of 
affinity  of  the  adsorbate  for  the  surface  for  comparison  purposes. 


Estimation  of  Surface  Coverage 

Surface  coverage  of  the  protein  was  estimated  using  a  published  correlation  based  on  the 
area  of  the  amide  II  band  (Pitt  &  Cooper,  1988).  Surface  coverage  of  polysaccharide  was 
estimated  by  comparing  absorbances  obtained  in  transmission  mode  with  those  obtained 
in  the  ATR  mode  using  a  previously  published  expression  (Suci  et  aL,  1995).  For  the 
MHS*-3  adhesive  polysaccharide  this  estimate  was  based  on  transmission  spectra  of  EPSp, 
since  concentrated  quantities  of  the  purified  polysaccharide  component  sufficient  to 
obtain  transmission  spectra  were  not  available.  Using  the  mass  of  the  EPSp  for  this 
estimate  gives  values  of  F  which  are  maximum.  By  assuming  that  the  K"*  value  of  the 
purified  polysaccharide  is  the  same  as  that  of  the  purified  EPSp  component,  the  proportion 
of  EPSp  which  is  contributed  by  the  purified  polysaccharide  can  be  estimated,  and  thereby 
a  minimum  estimate  for  F  can  be  calculated. 


Cell  Adhesion  Assay 

Aliquots  (6  ml)  of  an  early  stationary  phase  culture  were  centrifuged  for  10  min  at  1000  xg 
in  order  to  remove  cell  aggregates.  The  supernatant  was  centrifuged  for  10  min  at  12000 
Xg  and  the  cell  pellet  was  resuspended  in  synthetic  seawater.  Ge  fragments  were  cleaned 
using  the  protocol  described  above.  Fragments  conditioned  with  BSA  or  MAP  were 
prepared  by  adsorption  under  stagnant  conditions  for  60  min  (0.1  mg  ml"'  protein) 
followed  by  a  rinse  in  synthetic  seawater.  Ge  fragments  were  exposed  to  the  cell 
suspension  for  30  min  and  then  gently  rinsed  using  liquid  displacement.  For  each 
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experiment  3  fragments  (Ge,  Ge  conditioned  with  BSA  and  Ge  conditioned  with  MAP) 
were  placed  in  the  same  cell  suspension.  Cells  remaining  on  the  surface  were  fixed  for  30 
min  in  5%  glutaraldehyde  and  stained  with  0.1  mg  ml"'  DAPI  (4,  6  -diaminodino-2- 
phenylindole).  Attached  cells  were  counted  using  epifluoresence  microscopy  using  an 
Olympus  BX60  microscope. 


RESULTS 

The  chromatogram  of  EPSp  reveals  four  baseline  separated  peaks.  The  associated 
fractions  will  be  referred  to  as  fractions  1  through  4  in  order  of  elution  (Fig.  I,  Table  I). 
Chromatographic  variations  between  batches  were  primarily  in  fractions  3  and  4.  A  peak 
position  was  not  assigned  for  fraction  3,  since  it  split  clearly  into  at  least  two  components 
in  some  chromatograms. 

Chemical  analysis  of  the  four  eluted  fractions  is  presented  in  Table  1 .  Fractions  I  and 
2  contain  primarily  polysaccharides,  with  negligible  protein.  Monoclonal  antibody 
labelling  of  Western  blots  indicated  that  fraction  1  contains  MHS-3  lipopolysaccharide 
(LPS).  Fraction  3  contains  a  mixture  of  polysaccharides  and  proteins.  Fraction  4  contains 
negligible  amounts  of  both  polysaccharides  and  proteins.  The  TOC  content  for  this 

- fraction  was  barely  above  background  detection,  despite  the  large  relative  area  of  the 

associated  chromatographic  peak,  indicating  that  it  is  composed  primarily  of  salts. 

A  comparison  of  chromatograms  of  EPSp  from  MHS-3  and  MHS-3  rad  (Fig.  1) 
suggested  that  fraction  2  contained  the  capsular  polysaccharide  which  was  previously 
reported  to  serve  as  an  adhesin  (Quintero  &  Weiner,  1995).  The  chromatograms  closely 
resernble  each  other  in  terms  of  both  number  of  baseline  separated  peaks  and  peak 
positions.  However,  the  ratio  of  fraction  2  to  fraction  1  was  considerably  reduced  for 
MHS-3  rad  (0.25)  compared  to  the  wild  type  (1.85+/-1.23). 


Fig.  I  HPSEC  chromatograms  of  EPSp  from  Hypluimoiuis  MHS-.t  ( — )  and  Hsphomoiuis  MH.S-.t  rad  (....). 
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Table  1  Chemical  composition  of  Hyphomonas  MHS-3  EPSp  HPSEC  fractions 


Peak  Position" 
(min) 

TOC 
(mg  r') 

Neutral  Hexoses 

(mg  r') 

Protein 

(mg  r') 

Mab’’ 

Fraction  I 

59.410.4" 

5.310.2 

10.610.1 

0.010.0 

+ 

Fraction  2 

94.810.2 

10.2 10. 1 

27.61 1.7 

0.710.0 

- 

Fraction  3 

na** 

19.510.5 

6.311.7 

19.21  1.0 

- 

Fraction  4 

130.31  LI 

3.310.3 

0.910.5 

1.210.8 

nt" 

‘  =  from  4  diffcrcm  EPSp  baichcs;  '*  =  monoclonal  antibody  reactivity;  *  =  standard  deviation;  *  =  not  assigned; '  =  not  tested. 


It  had  been  previously  reported  that  EPSp  contained  at  least  one  adhesive 
polysaccharide  which  adsorbed  preferentially  out  of  the  mixture  (Suci  e!  al,,  1995). 
Figure  2  shows  ATR/FT-IR  spectra  of  the  carbohydrate  C-0  stretch  region  from  this 
polysaccharide  component  of  EPSp  and  from  fraction  2  polysaccharide  (fr2PS),  each 
adsorbed  to  Ge.  The  spectra  exhibit  very  similar  features  with  primary  or  secondary 
maxima  at  972,  1033,  1064,  1080  and  1132  cm"'.  This  strongly  suggests  that  the 
component  which  adsorbs  preferentially  out  of  EPSp  has  been  isolated  in  fraction  2.  Since 
it  adsorbs  preferentially  out  of  the  mixture  this  implicates  it  as  the  most  adhesive 
component  in  the  EPSp  matrix  with  respect  to  a  Ge  substratum. 

Figure  3  shows  the  kinetics  of  adsorption  of  fr2PS  onto  the  Ge  substratum.  The 
process  was  followed  by  computing  areas  of  the  spectral  feature  shown  in  Figure  2.  It  can 
be  seen  that  the  adsorption  was  essentially  complete  after  60  min.  The  rinse  was  begun  at 
100  min.  There  is  a  small  amount  of  desorption  during  the  rinse  period,  especially  during 


Fig.  2  ATR/FT-IR  spectra  of  the  carbohydrate  C-O  stretch  region  of  EPS,,  (A),  and  rr2PS  (B).  adsorbed  to  Gc. 
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Fig,  3  Kinetics  of  adsorption  of  fr2PS  onto  Gc.  Rinse  was  initiated  at  100  min. 


the  first  10  min,  but  adsorption  is  essentially  irreversible.  Langmuir  fits  to  binding  curves 
were  used  to  measure  the  “stickiness”  of  fr2PS  with  respect  Ge.  The  Langmuir  fit  yields 
two  parameters,  viz*  surface  coverage  (F)  and  bulk  concentration  to  reach  half  saturation 
(K"'),  where  a  high  F  and  low  indicate  a  relatively  sticky  substance.  In  order  to  place 
this  quantitation  in  context,  F  and  K”*  have  been  obtained  for  an  adhesive  protein  mixture 
from  M,  edulis  (MAP)  and  an  acidic  polysaccharide  (kelp  alginate)  using  an  identical 
protocol  as  for  fr2PS  (Table  2).  According  to  this  ranking  the  fr2PS  has  an  adhesive 
quality  (or  “stickiness”)  comparable  to  MAP.  The  acidic  polysaccharide,  alginate,  is 
relatively  non-adhesive  with  respect  to  Ge. 

The  effect  of  two  different  protein  conditioning  films  on  the  adsorption  behavior  of 
fr2PS  was  examined.  Binding  curves  were  obtained  using  a  protocol  identical  to  that  used 
to  obtain  binding  curves  on  clean  Ge.  Binding  curves  obtained  by  ATR/FT-IR  for 
conditioned  and  unconditioned  substrata  are  presented  in  Figure  4.  It  is  evident  from  the 
binding  curves  that  the  affinity  of  fr2PS  for  both  conditioned  substrata  is  severely 
depressed.  The  Langmuir  model  did  not  converge  when  attempting  to  fit  data  for  Ge 
conditioned  with  BSA  or  MAP,  precluding  a  quantitative  comparison  of  the  F  and  K"’ 
values.  There  was  no  indication  of  any  loss  of  the  protein  conditioning  film  during  the 

Table  2  Binding  parameters  for  Langmuir  fit  to  binding  curves  of  fraction  2 

polysaccharide,  MAP,  and  alginate  to  Ge.  A  lower  value  of  K"'and  a  higher  value  of 


r  implies  greater  stickiness. 

Fraction  2 

MAP 

Alginate 

r  (4g  cm’^) 

0.158  ±0.009“ 
0.02910.017” 

0.305  ±0.0 16 

0.039 10.(X)3 

K-‘  (mg  r') 

0.01810.002 

0.024  ±0.(X)3 

0.73810.179 

■*  =  cslinwled  niininuim  value;  *'  =  esnmated  niuxinuitn  value. 
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Bulk  carbohydrate  cone,  (mg/ml) 


Fig.  4  Binding  curves  of  fr2PS  ad.sorbcd  on  Ge,  (A),  Ge  conditioned  with  MAP  (□)  and  Ge  conditioned  with 
BSA  (O).  Broken  line  =  Langmuir  model  fit  to  three  data  sets  for  unconditioned  Ge. 


acquisition  of  the  step  isotherm.  Any  such  loss  would  be  evident  from  a  change  in 
prominent  amide  bands  located  at  approximately  1650  and  1550cm"‘  (Suci  &  Geesey, 
1995). 

The  ATR/FT-IR  spectra  of  the  absorbed  fr2PS  on  Ge  and  Ge  conditioned  with  protein 
are  shown  in  Figure  5.  The  absorbances  are  low  and  very  close  to  background  noise. 
However,  differences  in  the  adsorbed  material  from  fr2PS  between  the  two  conditioned 
substrata  are  revealed.  The  spectrum  of  the  absorbed  EPSp  on  BSA  resembles  the 
spectrum  obtained  on  Ge,  suggesting  that  the  same  components  are  adsorbed.  The 
spectrum  of  adsorbed  components  on  MAP  bares  less  resemblance  to  the  spectrum  on 
clean  Ge,  suggesting  adsorption  of  a  trace  contaminant. 

The  large  differences  in  the  affinity  of  fr2PS  for  clean  Ge  and  Ge  conditioned  with 
proteins  offered  an  opportunity  to  see  whether  the  adsoiption  behavior  of  fr2PS  could  be 
extrapolated  to  whole  cell  adhesion  behavior  (Fig.  6).  The  results  showed  that  MHS-3 
attaches  to  a  much  greater  extent  to  clean  Ge  than  to  Ge  conditioned  with  MAP  or  BSA. 
Thus,  the  cells  show  the  same  preference  for  unconditioned  Ge  that  fr2PS  displays  in  its 
adsorption  behavior.  The  number  of  cells  attached  to  Ge  after  the  30  min  exposure  period 
and  the  rinse  was  significantly  larger  than  cells  attached  to  Ge  conditioned  with  BSA 
(2  sample  t-test,  P  <  0.95).  The  number  of  cells  attached  to  Ge  conditioned  with  BSA  was 
significantly  larger  than  cells  attached  to  Ge  conditioned  with  MAP  (2  sample  t-test, 
p<0.95). 


DISCUSSION 

It  has  previously  been  demonstrated  that  MHS-3  rad  lacks  diffuse  capsular  material 
which  is  present  on  MHS-3  (Quintero  &  Weiner,  1995).  The  capsular  material  binds  gold 
labelled  Bauhinia  purpurea  lectin  (BPA)  and  calcofluor,  both  of  which  reduce  MHS-3 
attachment  to  the  level  observed  in  MHS-3  rad.  Thus,  the  capsular  material  has  been 
suggested  to  be  both  a  polysaccharide  and  an  adhesin.  MHS-3  EPS,  isolated  from 
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Fig.  5  Spectra  of  fr2PS  adsorbed  to  Ge,  and  Ge  conditioned  with  MAP  (Ge-MAP),  and  BSA  (Ge-BSA). 


biofilms  and  floes,  has  been  reported  to  contain  an  adhesive  polysaccharide  which 
adsorbs  preferentially  out  of  a  mixture  from  which  the  protease  K  accessible  proteins 
have  been  removed  (EPSp)  (Suci  et  ai,  1995).  Using  HPSEC,  an  adhesive  polysaccharide 
fraction  has  been  isolated  and  identified  as  the  same  substance  which  adsorbed 
preferentially  out  of  the  EPSp  mixture.  This  isolated  adhesin  is  referred  to  as  fraction  2 
polysaccharide  (fr2PS). 

One  significant  implication  is  that  a  subclass  of  EPS  molecules  mediate  MHS-3 
adhesion  to  hydrophilic  substrata.  fr2PS  is  apparently  dispersed  throughout  the  EPS 
matrix  of  the  biofilm  since  HPSEC  of  the  more  loosely  associated  and  EDTA  extracted 
EPS  yielded  similar  chromatograms  (data  not  shown).  This  was  also  indicated  by 
labelling  MHS-3  microcolonies  with  BPA  lectin  and  calcofluor  (Quintero  &  Weiner, 
1995).  On  individual  planktonic  cells  fr2PS  is  located  integrally,  extending  from  the  cell 
envelope  to  a  distance  of  approximately  0.2  |im  (Quintero  &  Weiner,  1995).  It  may  be 
that  this  polysaccharide  functions  both  to  mediate  initial  adhesion  and  as  an  EPS  matrix 
polymer  to  anchor  the  biofilm  to  the  substratum.  Previously,  it  was  found  that  calcofluor 
inhibited  long  term  (5  d)  biofilm  formation  (Quintero  &  Weiner,  1995). 

Isolation  of  the  adhesin  in  rejiearch  quantities  has  allowed  characterization  of  its 
ad.sorption  behavior.  It  has  been  found  that  its  “stickiness”  (assessed  by  surface 
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and  bases  can  form  with  mineral  surfaces  (oxides)  in  marine  sediments  (Thurman,  1985). 
Therefore,  this  may  be  a  common  adhesive  molecular  strategy  of  marine  organisms 
which  occupy  these  environments. 

It  seems  likely  that  the  EPS  matrix  of  most  marine  biofilms  is  composed  of  a  large 
portion  of  proteins,  some  which  reach  the  substratum  and  adsorb  tenaciously;  this  is  the 
case  for  MHS-3  (Suci  et  ai,  1995).  Thus,  in  general,  the  first  microorganisms  which 
colonize  a  surface  condition  it  with  a  film  which  consists  partially  of  adsorbed  proteirv 
The  molecular  bonds  which  are  established  between  fr2PS  and  the  Ge  surface  (an  oxide) 
form  poorly,  or  not  at  all,  with  adsorbed  proteins.  Therefore,  the  adhesive  polysaccharide 
(fr2PS)  may  be  the  implement  for  a  binding  strategy  which  is  selective  for  relatively 
pristine  mineral  surfaces  that  have  not  been  previously  colonized.  This  would  be 
consistent  with  the  proposed  niche  it  fills  in  the  succession  of  microfouling  as  a  primary 
colonizer  (Quintero  &  Weiner,  1995).  An  interesting  research  direction  could  be  initiated 
by  posing  the  question:  to  what  extent  do  the  different  adhesive  strategies  of  a  variety  of 
microorganisms  occupying  a  similar  niche  determine  the  ecology  of  the  local 
microfouling  process? 
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Prolein/ligand  interactions  involved  in  mediating  adhesion  between  miertwrganisms  and  biological  surfaces 
have  been  well-characterized  in  some  cases  (e.^.  pathogen/host  interactions).  The  strategies  micrewrganisms 
employ  for  attachment  to  inert  surfaces  have  not  been  so  clearly  elucidated.  An  experimental  approach  is 
presented  which  addresses  the  issues  from  the  point  of  view  of  molecular  interactions  occurring  at  the  interface. 

KEYWORDS:  fouling,  molecular  interactions,  adhesin,  marine 


FEASIBILITY  AND  POTENTIAL  FRUITS  OF  THE  APPROACH 

Communities  of  bacteria  which  have  colonized  a  surface  present  a  fascinating  subject 
for  microbiological  investigation.  The  conceivable  extent  of  the  organizational 
complexity  of  these  surface-associated  communities  has  only  recently  become 
apparent.  For  example,  cells  in  a  biofilm  are  typically  embedded  in  a  matrix  of 
extracellular  polymeric  substances  (EPS)  (Costerton  et  al.,  1987;  Cooksey,  1992) 
commonly  referred  to  as  “slime”.  Recent  studies  suggest  that  this  heterogeneous 
network  of  bioploymers  may  serve  in  some  cases  to  optimize  biofilm  architecture  such 
that  oxygen  transport  (DeBeer  et  al.,  1993)  or  nutrient  utilization  (Wolfaardt  et  al, 
1994)  are  facilitated.  There  is  even  some  hint  that  for  some  biofilms  the  three 
dimensional  lattice  can  metamorphose  in  response  to  toxins  (Korber  et  ai,  1994). 
Studies  reveal  that  bacteria  adapt  by  utilizing  networks  of  regulatory  genes  which 
respond  to  a  host  of  environmental  stimuli  (Parkinson,  1993;  Deretic  et  al.,  1994; 
Loewen  &  Hengge-Aronis,  1994).  If  these  findings  are  viewed  in  the  light  of  evidence 
for  cell-to-cell  communication,  effected  at  the  level  of  genetic  regulation  (Passador 
et  al.,  1993;  Piper  et  al.,  1993),  for  an  expanding  number  of  bacterial  species  (Klotz, 
1993),  the  implication  that  there  may  be  some  points  for  comparison  of  many  biofilms 
with  specialized  tissues  in  multicellular  organisms  becomes  reasonable  (Jackson  et  al., 
1986;  Kaiser  &  Losick,  1993). 

Despite  the  complex  nature  of  biofilms,  a  molecular  level  (biochemical)  approach 
toward  understanding  their  adhesion  to  inert  surfaces  should  be  tractable.  The  framework 
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for  analyzing  and  understanding  adsorption  of  biomolecules  to  engineered  materials  has 
been  established,  primarily  in  literature  concerning  blood  compatibility  (Andrade,  1985; 
Bohnert  &  Horbett,  1986;  Brash  &  Horbett,  1987;  Krisdhasima  et  ai,  1993;  Haynes  & 
Norde,  1995).  Methods  for  EPS  isolation  and  purification  are  available  ^roy,  1979;  Read 
&  Costerton,  1987;  Henningson  &  Gudmestad,  1993).  Adhesion  inhibition  assays 
conventionally  used  to  investigate  specific  adhesion  mediated  by  protein/ligand 
interactions  (Jann  &  Jann,  1993)  may  be  applicable  in  some  cases  (Merker  &  Smit,  1988, 
Quintero  &  Weiner,  1995).  Biomolecules  involved  in  attachment  of  cells  to  inert  surfaces 
have  been  classified  according  to  general  type  (proteins  or  polysaccharide)  by  utilizing 
proteolytic  enzymes  and  surfactants  (Paul  &  Jeffrey,  1985).  Detailed  biochemical 
characterization  of  adhesin  remnants  left  by  displaced  microorganisms  (“footprints”) 
(Neu,  1992)  is  becoming  increasingly  feasible  as  sophisticated  surface  analysis 
techniques  are  adapted  for  analysis  of  biological  samples  (Mantus  et  ol.,  1993).  In  at  least 
one  ca.se,  genetic  determinants  of  a  non-specific  holdfast  have  been  characterized  (Yun  et 
ai,  1994).  The  fruits  of  a  molecular  level  approach  can  be  relevant  to  understanding 
particular  aspects  of  even  extremely  complex  surface-associated  ecosystems  such  as 
climax  marine  fouling  communities;  i.e.  it  can  be  expected  that  these  communities  will  be 
anchored  to  the  substratum  via  contributions  from  at  least  the  most  adhesive 
biomolecules  expressed  by  the  primary  colonizers.  This  is  a  testable  hypothesis  since 
exchange  reactions  at  interfaces  can  be  characterized  (Koltisko  &  Walton,  1985). 

At  a  molecular  (reductionist  or  biochemical)  level  the  adhesive  relationship  between  a 
developing  fouling  community  and  the  inert  surface  can  be  simplified  to  an  investigation 
of  interfacial  interactions  among  adsorbed  and  impinging  biopolymers.  A  number  of 
interactions  between  solution  phase  and  preadsorbed  biomolecules  are  possible.  These 
include  displacement  (or  exchange)  (Vroman  &  Adams,  1986),  intercalation  to 
unoccupied  sites,  which  may  promote  “pinning”  of  the  preadsorbed  species  (Johnson  & 
Granick,  1992),  or  binding  to  moieties  on  the  preadsorbed  film  (Suci  &  Geesey,  1995). 
There  may  be  no  direct,  simple  correspondence  between  adhesive  properties  and 
interactions  of  isolated  biomolecules,  and  the  molecular  interactions  which  mediate 
adhesion  of  a  fouling  community.  For  example,  the  simplest  fouling  community  consists 
of  single  cells  attached  to  a  substratum.  Even  for  this  simple  case,  the  molecular 
interactions  of  an  adhesin  with  a  surface  can  be  altered  by  the  tether  or  anchor  to  the  cell 
in  a  number  of  ways.  For  example  functional  groups  involved  in  securing  the  adhesin  to 
the  cell  will  be  less  likely  to  participate  in  binding  to  the  surface;  the  stereochemistry  of 
the  adhesin  may  be  altered,  reducing  the  entropy  gain  upon  binding.  However,  despite  the 
possible  caveats,  adsorption  behavior  of  biomolecules  has  been  positively  correlated  to 
whole  cell  adhesion  behavior  and  used  to  identify  potential  adhesins  (Pringle  &  Fletcher, 
1986;  Bidle era/.,  1993). 

Less  reductionistic  frameworks  for  interpreting  adhesion  behavior  are  available 
(Busscher  et  ai,  1989).  The  application  of  DLVO  theory,  which  can  adequately  account 
for  ob.served  cell  adhesion  behavior  in  some  cases,  essentially  ignores  individual 
molecular  interactions  (Van  Loosdrecht  et  ai,  1989).  Similarly,  some  cell  adhesion 
behavior  can  be  predicted  on  the  basis  of  cell-surface  hydrophobicity  (Rosenberg  & 
Kjelleberg,  1986;  Stenstrom,  1989).  A  molecular  level  approach  may  provide  a  basis  for 
interpreting  patterns  of  adhesion  behavior  which  do  not  conform  easily  to  the  predictions 
of  either  of  these  more  global  schemes  (McEldowney  &  Fletcher,  1986).  In  addition, 
when  combined  with  isolation  and  biochemical  analysis  of  EPS  components,  it  allows 
examination  of  a  number  of  related  questions.  Have  certain  biomolecules  evolved  to 
serve  as  non-specific  adhesins  (Yun  et  ai,  1994)?  Do  particular  classes  of  biomolecules 
mediate  adhesion  to  inert  surfaces  having  similar  properties  (Paul  &  Jeffrey,  1985)7  Is 
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molecular  architecture  crafted  by  organisms  to  promote  either  adhesion  to,  or  detachment 
from  (Wrangstadh  et  ai,  1986)  inert  surfaces? 


MARINE  CONDITIONING  FILMS 

The  interfacial  interactions  between  biomolecules  and  the  surface  which  were  outlined 
above  will  probably  begin  before  the  first  encounter  between  microbes  and  an  engineered 
surface  placed  in  the  marine  environment.  It  is  well  known  that  biomaterials  in  contact 
with  blood  will  be  coated  rapidly  with  intrinsic  proteins  (Gendreau  et  ai,  1981). 
Similarly,  adsorption  of  salivary  components  onto  oral  surfaces  creates  the  organic 
biopolymer  film  (the  pellicle)  to  which  bacteria  eventually  attach  (Kolenbrander  & 
London,  1993).  The  macromolecular  content  of  the  sea  is  considerably  more  dilute  than 
that  of  blood  or  the  oral  cavity.  Estimates  of  dissolved  organic  carbon  (DOC)  are  in  the 
range  of  0.5  to  1.0  mg  I"'  in  the  open  sea  and  can  be  ten  times  higher  in  coastal  waters 
(Thurman,  1985;  Benner  et  ai,  1992).  However,  organic  “conditioning"’  films 
apparently  form  quickly  on  materials  placed  in  seawater  (Loeb  &  Neihof,  1975;  1977; 
Kristoffersen  etaL,  1982). 

Definitive  biochemical  characterization  of  marine  conditioning  films  is  lacking,  except 
for  a  study  suggesting  incorporation  of  proteinaceous  material  (Baier  et  aLy  1983),  and  a 
study  indicating  that  the  composition  of  the  film  is  site  specific  (Little,  1985).  However, 
there  is  indirect  evidence  supporting  the  supposition  that  the  films  may  consist  of  a  large 
proportion  of  biopolymeric  material  regardless  of  the  site.  Much  of  the  organic  material 
in  the  sea  is  in  the  form  of  colloids  which  range  in  size  from  5-200  nm  (Wells  & 
Goldberg,  1994).  There  is  evidence  that  a  substantial  portion  of  the  carbohydrates  are  in 
the  form  of  polysaccharides  (Pakulski  &  Benner,  1994).  The  total  amino  acid  content 
ranges  from  0.06  to  0.24  mg  P'  with  the  combined  fraction  being  on  average  five  times  as 
high  as  the  free  amino  acids  on  a  mass  per  volume  basis  (Thurman,  1985).  This  suggests 
that  many  of  the  amino  acids  are  also  incorporated  into  biopolymers.  Polymers  tend  to 
have  high  affinity  isotherms  (Cohen  Stuart  et  al.y  1982).  This  implies  that,  given  enough 
time,  even  very  dilute  solutions  will  saturate  the  surface  binding  sites.  This  prediction  has 
been  verified  experimentally  for  adsorption  of  bovine  serum  albumin  (BSA)  on  stainless 
steel  (Van  Enckevort  a/.,  1984). 


EXPERIMENTAL  APPROACH 

A  number  of  biomolecules  have  been  selected  as  model  compounds,  Wz.  mussel  adhesive 
protein  (MAP)  from  Mytilis  eduliSy  an  adhesive  polysaccharide  (fraction  2  polysaccharide 
(fr2ps))  from  the  marine  bacterium,  Hyphomonas  MHS-3  (MHS-3),  alginate  from 
Macrocystis  pyrifera  and  the  globular  blood  protein,  bovine  serum  albumin  (BSA). 
Interactions  between  these  biomolecules  and  germanium  (Ge),  polystyrene  (PS),  and  poly 
(octadecyl  methacrylate)  (POMA)  surfaces  in  contact  with  .synthetic  seawater  are  being 
investigated. 

Both  MAP  and  BSA  adsorb  tenaciously  to  both  hydrophobic  and  hydrophilic 
substrata.  MAP  constitutes  the  resin  of  a  natural  thermoset  adhesive  with  which  M.  edulis 
anchors  itself  to  a  variety  of  substrata  (Waite,  1990),  and  is  sold  commercially  as  a 
coating  to  enhance  cell  adhesion  (Benedict  <&  Picciano,  1987;  Notter,  1988).  BSA  is  often 
used  to  block  non.specific  binding  sites  (Goding,  1983),  and  in  many  cases  reduces  cell 
attachment  Pratt-Tcrpstra  et  ai,  1987;  Tamada  &  Ikada,  1993).  Evidence  has  been 
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presented  that  fr2ps  is  a  polysaccharide  adhesin  which  mediates  attachment  of  MHS-3  to 
(at  least)  hydrophilic  substrata  (Quintero  &  Weiner,  1995;  Fr0lund  et  ai^  1996).  Alginate 
is  a  linear  copolymer  composed  of  the  uronic  acids  a-L-guluronic  and  P-D-mannuronic 
acid  (Cotrell  &  Kovacs,  1977).  Derivatives  of  this  polysaccharide  are  the  primary 
exopolysaccharides  produced  by  mucoid  strains  of  Pseudomonas  aeruginosa  (Evans  & 
Linker,  1973).  Uronic  acids  constitute  a  significant  fraction  of  the  EPS  of  several  marine 
pseudomonads  (Uhlinger  &  White,  1983;  Christensen  et  al,  1985)  and  are  a  common 
component  of  extracellular  and  cell  surface  biopolymers  of  most  marine  bacteria  studied 
to  date  (Sutherland,  1980;  Christensen,  1989). 

Thus  far,  investigations  have  been  confined  to  a  relatively  simple  system,  Le, 
interaction  of  a  solution  phase  polysaccharide  with  a  preadsorbed  (irreversibly  bound) 
protein  film  coating  a  submerged  substratum.  The  complementary  experiment  has  also 
been  performed,  i.e.  exposure  of  a  preadsorbed  polysaccharide  film  to  solution  phase 
protein.  These  types  of  dual  adsorption  experiments  are  particularly  compatible  with  the 
technique  of  attenuated  total  reflection  Fourier  transform  infrared  (ATR/FT-IR) 
spectrometry  (Ishida  &  Griffiths,  1993).  The  term  “irreversibly  bound“  requires 
explanation.  Although  it  has  a  precise  thermodynamic  meaning  (Norde  et  ai,  1986),  it 
has  been  used  (in  an  operational  sense)  to  describe  an  adsorbed  species  (usually 
macromolecular)  which  cannot  be  rinsed  from  a  surface  (Bohnert  &  Horbetl,  1986).  The 
term  is  used  here  in  the  latter  (less  precise)  sense. 

Alginate  does  not  adsorb  with  great  affinity  to  Ge  (Ishida  &  Griffiths,  1993).  However, 
preconditioning  Ge  substrata  with  MAP  enhances  alginate  adsorption  (Suci  &  Geesey, 
1995).  The  driving  force  for  adsorption  in  synthetic  seawater  (pH  8)  appears  to  be 
primarily  electrostatic,  conferred  by  interaction  of  protonated  lysine  residues  of  the  MAP 
and  the  negatively  charged  carboxylate  functionalities  of  the  alginate.  As  expected, 
conditioning  Ge  with  BS  A,  which  has  an  isoelectric  point  (lEP)  of  approximately  5,  does 
not  enhance  alginate  adsorption.  The  data  suggest  that  once  the  alginate  has  penetrated 
the  electrostatic  double  layer,  it  forms  additional  bonds  with  MAP  which  involve 
pyranose  ring  atoms.  According  to  the  FT~IR  diagnostic,  the  interaction  of  alginate  with 
preadsorbed  MAP  was  not  affected  by  the  underlying  substratum  (Ge  v.v  PS);  both  the 
type(s)  of  bonding,  and  the  extent  of  adsorption  per  surface  coverage  of  MAP  were  the 
same  regardless  of  whether  the  underlying  substratum  was  Ge  or  PS. 

Whereas  MAP  enhances  alginate  adsorption  to  Ge,  conditioning  Ge  with  MAP,  BSA 
or  intrinsic  MHS-3  EPS  proteins  depresses  adsorption  of  fr2ps,  the  putative  MHS-3 
adhesin  (Suci  et  al,  1995;  Fr0lund  et  al,  1996).  The  molecular  characteristics  of  MAP 
and  BSA  are  in  most  ways  contrasting.  MAP  is  rich  in  lysine  and  DOPA  residues,  has  an 
open  conformation  (Williams  et  aL,  1989)  and  has  an  lEP  above  10.  BSA  has  ample 
secondary  and  tertiary  structure,  and  has  a  net  negative  charge  at  pH  8  (Peters,  1985). 
Adsorption  of  fr2ps  was  reduced  to  a  similar  extent  (compared  to  unconditioned  Ge)  on 
Ge  conditioned  with  MAP  and  BSA,  which  suggests  that  electrostatic  repulsion  is  not  a 
dominant  factor  in  excluding  fr2ps  from  the  conditioned  substrata.  Adsorption  of  MHS-3 
cells  to  Ge  conditioned  with  MAP  or  BSA  was  also  depressed  (Fr0lund  et  al.,  1996), 
implying  that  interactions  characterized  at  the  molecular  level  are  relevant  to  the 
functioning  of  the  adhesin  in  situ. 


MHS-3  ADHESION  TO  PS  AND  POMA  SUBSTRATA  CONDITIONED  WITH  MAP 

The  question  of  whether  adhesion-mediating  substratum  properties  are  “transferred” 
through  a  protein  conditioning  film  has  been  posed  by  a  number  of  investigators  {e.g. 
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Pratt-Terpstra  e/ a/.,  1987;  Schakenraad  e/ a/.,  1989;  Busscherela/.,  1990;  Ranieri  c/a/., 
1993;  Tamada  &  Ikada,  1993;  Al-Makhlafi  el  al,  1994).  Substrata  may  exert  their 
influence  on  cell  adhesion  in  the  presence  of  a  preadsorbed  film  in  the  trivial  sense,  due  to 
incomplete  coverage  of  the  original  surface  by  the  film,  or  the  original  substrata  may 
select  for  different  subsets  of  proteins  from  a  mixture  used  to  form  the  film  (Tamada  & 
Ikada,  1993).  Alternatively,  the  substrata  may  influence  pro^rties  of  the  adsorbed  state 
of  a  protein  (or  proteins)  in  the  film  differently,  thus  inducing  different  film  structures 
(Pratt-Terpstra  et  al,  1987;  Busscher  et  al,  1990;  Al-Makhlafi  el  al,  1994).  It  is 
generally  accepted  that  proteins  which  are  irreversibly  adsorbed  alter  their  conformation 
to  reach  the  final  adsorbed  state  (Norde  et  al,  1986;  Haynes  &  Norde,  1995). 
Measurements  indicate  that  different  substrata  induce  different  kinds  of  conformational 
changes  in  proteins  (Bohnert  &  Horbett,  1986;  Pitt  &  Cooper,  1988;  Banovac  el  al, 
1994;  Haynes  &  Norde,  1995).  It  has  been  proposed  that  the  adsorbed  protein  film 
structure  may  be  partially  determined  by  the  balance  between  cohesive  (protein/protein) 
and  adhesive  (protein/surface)  forces  (Taylor  et  al,  1994). 

A  detailed  study  of  the  absorbed  film  structure  of  MAP  on  PS  and  POMA  using 
atomic  force  microscopy  (AFM),  X-ray  photoelectron  spectrometry  (XPS)  and  ATR/FT- 
IR  has  been  performed  (Baty  el  al,  1995).  The  adsorbed  film  exhibits  markedly  different 
surface  topography  on  PS  and  POMA  (Fig.  1).  The  fibrous  network  observed  on  the 
POMA  surface  indicates  that  the  proteins  have  formed  aggregates  upon  adsorption,  while 
on  the  PS  surface  the  largest  resolvable  structures  approach  the  size  of  an  individual 
mefp-1  molecule  (the  primary  component  of  MAP).  These  results  suggest  that  on  the  PS 
surface,  protein/surface  interactions  dominate,  while  on  the  POMA  surface, 
protein/protein  interactions  determine  the  supramolecular  structure.  XPS  and  ATR/FT-IR 
data  are  consistent  with  this  interpretation.  Recent  studies  indicate  that  the  structural  - 
differences  are  preserved  in  the  hydrated  state  (Baty  et  al,  unpublished ). 

It  might  be  anticipated  that  these  distinctly  different  adsorbed  film  structures  would 
induce  comparatively  large  differences  in  cell  adhesion  behavior.  In  the  case  of  MHS-3 
this  prediction  is  not  supported  by  the  data.  Preliminary  results  from  ATR/FT-IR 
adsorption  studies  indicate  that  fr2ps  adsorbs  quite  differently  to  unconditioned  PS  and 
POMA,  but  that  these  differences  are  mitigated  by  conditioning  with  MAP;  the  spectra 
are  somewhat  difficult  to  interpret  due  to  the  large  background  signal  from  the  polymer 
films  (data  not  shown).  The  results  of  MHS-3  whole  cell  adhesion  assays  are  much  less 
ambiguous  (Fig.  2).  It  is  apparent  that  the  MAP  conditioning  film  masks  the  underlying 
substratum  properties,  at  least  with  respect  to  numbers  of  cells  attaching  within  the 
30  min  exposure  period. 

It  is  well  known  that  conditioning  with  BSA  can  inhibit  adsorption  of  other 
biomolecules  and  reduce  cell  adhesion.  (Note,  however,  that  adsorption  onto  certain 
substrata  can  reverse  this  latter  trend  (Ranieri  et  al,  1993)).  At  anionic  and  hydrophobic 
surfaces  BSA  is  thought  to  assume  a  surface  orientation  which  presents  a  negatively 
charged  domain  (one  of  three)  to  the  aqueous  phase  (Andrade  et  al,  1990).  This  surface 
orientation  could  be  expected  to  exclude  many  bacterial  strains  which  are  generally 
considered  to  have  net  negatively  charged  cell  envelopes.  The  reduced  adsorption  of 
fr2ps  and  reduced  adhesion  of  MHS-3  cells  to  MAP  requires  a  different  explanation. 
MAP  is  rich  with  lysine  residues  which  are  protonated  at  the  pH  of  the  synthetic  seawater 
(8.0).  These  lysine  residues  are  apparently  available  for  binding  to  solution  phase 
biopolymers  since  they  enhance  alginate  binding  in  seawater  as  described  above. 

The  reduced  cell  adhesion  on  conditioned  surfaces  cannot  be  accommodated,  at  least 
in  a  simple  way,  within  a  framework  of  hydrophobic/hydrophilic  tendencies.  Although 
the  extent  of  cell  adhesion  to  POMA,  PS  and  Ge  surfaces  appears  to  indicate  a  preference 
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Fig.  1  a,d;  b,c;  c,f  =  AFM  contour  images.  Underlying  substratum  is  PS  (left  side)  or  POMA  (right  side), 
a  =  I  urn  X  I  |im  area  of  PS  before  protein  adsorption;  b  =  I  fim  x  I  ^im  area  of  MAP  adsorbed  to  PS:  c  =  5  pm 
X  5  pm  area  of  MAP  adsorbed  to  PS;  d  =  I  pm  x  I  pm  area  of  POMA  before  protein  adsorption;  e  =  I  pm  x 
I  pm  area  of  MAP  adsorbed  to  POMA;  f  =  5  pm  x  5  pm  area  of  MAP  adsorbed  to  POMA.  Protein  adsorption 
was  performed  in  a  50  pg  ml"'  solution  of  MAP  for  60  min  followed  by  a  rinse  using  fluid  displacement  (Baly 
et  ai,  1995;  with  permission.  J  Colloid  Interface  Sci).  (see  Color  Section.) 
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Fig.  2  a  =  adhesion  of  MHS-3  cells  onto  various  substrata.  Substrata  conditioned  with  MAP  or  BSA  are 
indicated  by  hyphenation  (e.g.  PS-BSA).  Error  bars  are  standard  deviations.  Cross  hatched  bars  indicate  data 
presented  previously  (Fr0lund  et  al,  1996).  For  new  data  (bars  not  cross-hatched)  PS  >  POMA  >  PS  >  MAP  = 
POMA-MAP.  based  on  2  sample  t-test  (0.95).  Experimental  details  are  described  in  Baty  et  ai  (1995)  and 
Fr0lund  et  ai  (1996).  Polymer  films  (PS  and  POMA)  were  spun  cast  onto  Ge  coupons.  Preadsorplion  of  MAP 
and  BSA  was  for  60  min  under  static  conditions.  Substrata  were  exposed  to  washed  MHS-3  cells  for  30  min  and 
then  rinsed  in  synthetic  seawater.  Attached  cells  were  stained  and  observed  using  epi fluorescence  microscopy, 
b  =  advancing  water  contact  angles  for  some  of  the  surfaces  obtained  using  the  sessile  drop  method  v.r  number 
of  adhered  cells. 


for  hydrophilic  substrata  with  unconditioned  surfaces  (Fig.  2b),  the  conditioned  surfaces 
are  exceptions  to  this  trend.  The  high  contact  angle  obtained  for  the  POMA-M  AP  surface 
is  thought  to  result  from  interaction  of  the  water  drop  with  portions  of  the  substratum 
which  are  exposed  when  MAP  coalesces  intq  aggregates  upon  dehydration  (Baty  et  ai, 
1995;  unpublished).  If  this  interpretation  is  correct,  then  both  the  PS  and  POMA  surfaces 
conditioned  with  MAP  may  exhibit  similar  hydrophilicities  (mildly  hydrophilic)  in  the 
hydrated  state. 

It  may  be  that  the  exclusion  of  fr2ps  from  both  BSA  and  MAP  results  from  steric 
repulsion,  a  phrase  which  is  used  to  explain  protein  exclusion  from  .self  as.sembled 
monolayers  of  oligo  (ethylene  oxide).  These  films  can  exclude  both  solution  phase 
proteins  (Prime  &  Whitesides,  1993)  and  whole  cells  (Lopez  el  ai,  1993).  The  effect  has 
been  compared  to  steric  stabilization  of  colloids  by  adsorption  of  a  hydrophilic  polymer 
at  the  water/colloid  interface  (Prime  &  Whitesides,  1991).  Steric  repulsion  between 
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.d»rt«d  proldn  films  can  be  measured  using  file  surface-force  “PP““ ‘'l^Xtred 
al  1994),  and  the  phrase  has  been  invoked  to  explain  the  exclusion  of  ^ylated 
BSA  from  preadsorbed  films  of  BSA  (Staunton  &  Quiquampo.x,  1994).  Many 
proteins  saturate  the  surface  at  monolayer  coverage  which  '"7^99%"^  exlsTon 
themselves  from  the  interface  (Malmsten.  1994; 

occurs  even  though  the  adsorbed  proteins  might  be  expected  to  have  altered 
conformations  which  would  promote  bin^g  of  their  solution  ^ 

The  similar  extent  of  (reduced)  cell  adhesion  on  the  PS  and  POMA  surfaces 
conditioned  with  MAP  suggest  that  the  molecular  interactions  involved  are  unaffecte  y 

a  prlounced  difference  in  adsorbed  (conditioning)  Mm  ^.^^“^  renSrr  oTSo 
reLit  is  reminiscent  of  the  phenomenon  of  protein  and  cell  exclusion  reported  for  ohgo 
(ethylene  oxide)  films,  i.e.  the  effect  is  robust  in  the  sense  that  the  ^'yc^hams 

need  not  be  individually  grafted  to  the  surface  to  produce  the  exclusion,  but  can  be  graft 
p^ymeriSd  Wa  plasm^polymerization  (Lopez  er  a/..  1992).  This  depition  process 
proLces  films  with  more  chemical  heterogeneity  than  self-assembled  film.s  (Johnsto 
Ratner  1995).  (Plasma  polymerized  films  are  normally  highly  cross-linked). 

The  analogy  drawn  above  may  be  superficial  when  examined  closely.  The  putative 
MHS-3  adheliii,  fr2ps,  is  thought  to  be  located  in  a  diffuse  capsular  envelope  on  the 
mother  cell  (Quintero  &  Weiner.  1995).  Mineral  surfaces  can  Participate  in  hydrogen 
bonding  with  both  organic  acids  and  bases  (Thurman,  1985)  and  it  has  been  postulated 
that  MHS-3  capsular  polysaccharide  binds  to  substrata  primarily  through  y  rog 
?ondinr(Qu?nTero  &  Weiner.  1995).  In  theoretical  treatments  of  steric  repulsion 
associated  with  oligo  (ethylene  oxide)  films  hydrogen  bonding  is  not  explicitly 
considered  (Jeon  &  Andrade,  1991).  This  may  leave  an  opening  for  some  interesting 

Studies. 

SUMMARY  AND  CONCLUSIONS 

In  general  biofilms  are  complex  communities  of  interacting 
complexity  a  molecular  level  approach  to  investigating  /"te^tions  77 
adhesion  of  fouling  communities  to  inert  surfaces  is  tractable.  Experimental 
methodologies  and  associated  interpretative  tools  are  available.  The  interface  between 
the  biofilm^and  the  inert  surface  provides  a  clear  focus  for  investigation  of  adso^tion 
tebavtorywomolecules.  Such  rfudiea  can  yield  useful  luformanon 
involved,  molecular  architectures  which  may  promote  adhesive 
interactions,  and  information  about  interactions  between  biomolecules  at  the  interface. 


References 

Al-Makhlafi  H.  McGuire  J.  Dacschel  M  (1994)  Influence  of  pfeadsorbed  milk 

AnSTo.  Wady  V.  Wei  A-P.  Colander  C-G  (1990)  A  domfun  approach  to  .he  adsorp.ion  of  complex 

Banovac 'aS^al^ra  S  aVmXy  G  A^'l994)  Local  conformational  changes  of  vitronectin  upon  adsorption  on 

R  ?!r*'A  M**SucTpX*Tylcr^lf^j'^(5e^^^^  G  G  (1995)  Investigation  of  mussel  adhesive  protein  adsorption  on 
“XTu.!”.-  H,  u.U»  ■».!«  .KK^lo..  XPS.  AT»„-r.,U  .nU  ACM.  f 

/«/<'//fi<r.SVil77:.f(l7-5l,5 


ADHESION  OF  BIOFILMS  TO  INERT  SURFACES 


119 


Benedict  C  V,  Picciano  P  T  (1987)  Adhesives  from  marine  mussels  In:  Hemingway  R  W  (cd)  Adhesives  from 

ACS  Symposium  Series,  ACS,  Washington  DC,  p  4(^-483 

Benner  R,  Pakulski  J  D,  McCarthy  M,  Hedges  J  I,  Hatcher  P  G  (1992)  Bulk  chemical  characterization  of 
dissolved  organic  matter  in  the  ocean.  Science  255:  1561-1564  ,  „ 

Bidle  K,  Wickman  H,  Fletcher  M  (1993)  Attachment  of  a  PsuedomonasAike  bacterium  and  Baallus  coagulans 
to  solid  surfaces  and  adsorption  of  their  S-layer  proteins.  J  Gen  Microbiol,  139:  1 89 1-1897 
Bohnert  J  L,  Horbett  T  A  (1986)  Changes  in  fibronectin  and  albumin  interactions  with  polymers  indicated  by 

decreases  in  detergent  clutability.  y  Co//oi*rf /rt/ez/flce  Scf  111:  363-377  ,  i  ^  j- 

Brash  J  L,  Horbett  T  A  (1987)  Proteins  at  Interfaces:  Physicochemical  and  Biochemical  Studies.  ACS 
Symposium  Series  343,  ACS,  Washington,  DC  ^  i  r-  c  d  u  »  d  /loonx 

Busscher  H  J,  Bellon-Fontaine  M-N,  Mozes  N,  Van  der  Mei  H  C,  Sjollcma  J,  Cerf  O,  Rouxhei  P  G  (1990) 
Deposition  of  Uuconostoc  mesenteroides  and  Stretococcus  thennophilus  to  solid  substrata  in  a  parallel  plate 

flow  cell.  B/o/oa/mg  2:  55-63  ,  a-  u  i  kx 

Busscher  H  J,  Weerkamp  A  H,  Van  der  Mei  H  C,  Van  Steenberghe  D,  Quirynen  M,  Pratt  I  H,  Marechal  M 
Rouxhet  P  G  (1989)  Physico-chemical  properties  of  oral  streptococcal  cell  surfaces  and  their  relation  with 
adhesion  to  solid  substrata  in  vitro  and  in  vivo.  Colloids  Sutf 42.  345-353 
Christensen  B  E  ( 1989)  The  role  of  extracellular  polysaccharides  in  biofilms.  J  Biotechnol  10:  181  -202 
Christensen  B  E,  Kjosbakken  J,  Smidsrod  O  (1985)  Partial  chemical  characterization  of  two  extracellular 
polysaccharides  produced  by  marine  periphytic  Pseudomonas  sp.  strain  NCMB  2021.  Appl  Environ 

Microbiol  50: 837-845  r  ■  /  •  i  i-  i  \  i  m- 

Cohen  Stuart  M  A.  Fleer  G  J,  Bijstcrbosch  B  H  (1982)  The  adsorption  o(  poly  (vinyl  pyrrolidone)  onto  silica 

1.  Adsorbed  amount  y  Co/toW/nrei/ace  Sci  90:  310-320  j  n  n  /  i  » 

Cooksey  K  E  (1992)  Extracellular  polymers  in  biolilms.  In:  Melo  L  F,  Boll  T  R,  Fletcher  M,  Capdeville  B  (eds) 

Biofilms:  Science  and  Technology.  K\uwe.r,T[\Q  l^c\heT\dndii,pp  .  n 

Costerton  J  W,  Cheng  K  J,  Geesey  G  G,  Udd  T  I,  Nickel  J  C,  Dasgupta  M,  Marne  T  J  (1987)  Bacterial  biolilms 

in  nature  and  disease.  41: 435-464  ..  ...  ^  .  w 

Cotrell  I  W  Kovacs  P  (1977)  Algin.  In:  Graham  P  (ed)  Food  Colloids.  AVI  Publishing  Company,  Westport, 


CT,pp  438-463  ...  ^ 

DeBeer  D,  Stoodley  P,  Roe  F,  Uwandowski  Z  (1993)  Oxygen  distribution  and  mass  transport  in  biofilms. 

Biotechnol Bioeng  43:  \\3\-[\3Z  •  j  ■ 

Deretic  V  Schurr  M  J,  Boucher  J  C,  Martin  D  W  ( 1994)  Conversion  of  Pseudomonas  aeruginosa  to  muciody  in 
cystic  fibrosis:  environmental  stress  and  regulation  of  bacterial  virulence  by  alternative  sigma  factors. 

yBac/erio/ 176: 2773-2780  ^  u  -.d  r  n  ^ 

Evans  L  R,  Linker  A  (1973)  Production  and  characterization  of  the  slime  poly.saccharide  of  Pseudomonas 

aeruginosa.  J  Bacterial  9X5-924  ..  .  •  c. 

Frdlund  B,  Suci  P  A,  Ungille  S,  Weiner  R  M,  Geesey  G  G  (1996)  Influence  of  protein  conditioning  hlms  on 

binding  of  a  bacterial  polysaccharide  adhesin  from  MHS-3.  B/V>/fJw/mg  10.  17-30 

Gendreau  R  M,  Winters  S,  Lcininger  R  I,  Fink  D,  Hassler  C  R,  Jakobsen  R  J  ( 1 98 1 )  Fourier  irans form  infrared 
spectroscopy  of  protein  adsorption  from  whole  blood:  ex  vivo  dog  studies.  Appl  Spectrosc  35:  353  357 
Goding  J  W  (1983)  Monoclonal  Antibodies:  Principles  and  Practice.  Academic  Press,  Incorporated,  London 

Hay*ncs  C  A,  Norde  W  (1995)  Structures  and  stabilities  of  adsorbed  proteins  J  Colloid  Interface  Sci 
169"  313—328 

Henningson  P  J,  Gudmestad  N  C  (1993)  Comparison  of  exopolysaccharidcs  from  mucoid  and  nonmucoid 
strains  of  Calvibacter  michiganensis  subspecies  sepedonicus.  Can  J  Microbiol  39 :  29 1 -296 
Ishida  K  P,  Griffiths  P  R  (1993)  Investigation  of  polysaccharide  adsorption  on  protein  conditioning  films  by 
attenuated  total  reflection  infrared  spectrometry.  J  Colloid  Interface  Sci  160:  19{>-2(K) 

Jackson  E  R.  Johnson  D,  Nash  W  G  (1986)  Gene  networks  in  development  J  Theor  Biol  1 19:  379-396 
Jann  K,  Jann  B  ( 1993)  Bacterial  adhesins.  Curr  Top  Microbiol  Immunol  151:  pp.  1-209  r  •  r 

Jeon  S  I,  Andrade  J  D  (1991)  Protein-surface  interactions  in  the  presence  of  polyethylene  oxide  II.  Effect  of 
pTOieinnizjt.J  Colloid  Interface  Sci  142:  \59-\66  .  nrv 

Johnson  H  E,  Granick  S,  (1992)  New  mechanism  of  noncquilibriuin  polymer  adsorption.  Science  255:  966  VoK 
Johnston  E,  Rainer  B  D  (1.995)  Characterization  of  RF  plasma-deposited  oligo  (glyme)  films  by  XPS  and 
SSIMS.  ACS  Polymer  Preprints  36:  87-88  (#572) 

Kaiser  D,  Losick  R  (1993)  How  and  why  bacteria  talk  to  each  other.  Cell  73:  873-885 

Klolz  M  G  (1993)  The  importance  of  bacterial  growth  phase  for  in  planla  virulence  and  pathogenicity  testing: 

coordinated  stress  response  regulation  in  fluorescent  pseudomonads?  Can  J  Microbiol  39:  948-957 
Koicnbrander  P  E,  London  J  (1993)  Adhere  today,  here  tomorrow:  oral  bacterial  adherence.  J  Bacteriol  175: 


Koltisko  B,  Walton  A  ( 1985)  Chromatographic  analysis  of  protein  adsorption  In:  Andrade  J  D  (ed)  Surface  mul 
Interfacial  Aspects  of  Biomedical  Polymers  Vol  2.  Protein  Adsorption.  Plenum  Press.  New  York,  pp  .  1 7-^3 ) 


120 


A  M  BATY  ETAL 


Korbcr  D  R,  James  G  A,  Costerton  J  W  (1994)  Evaluation  of  fleroxicin  activity  against  established 
Pseudomonas  fiuorescens  biofilms.  AppI  Environ  Microbiol  60:  1663-1669 
Krisdhasima  V.  Vinaraphong  P,  McGuire  J  (1993)  Adsorption  kinetics  and  clutability  of  a-lacialbumin,  p- 
lactoblobulin,  and  bovine  serum  albumin  at  hydrophobic  and  hydrophilic  interfaces.  J  Colloid  Interface  Sci 


161: 325-334  .  .  ^  ^ 

Kristoffersen  A.  Rolla  G,  Skjorland  K,  Glanlz  P  O,  Ivarsson  B  (1982)  Evidence  for  the  formation  of  organic 

films  on  metal  surfaces  in  seawater.  J  Colloid  Interface  Sci  86:  196-203  ,  ^  . 

Little  B  (1985)  Factors  influencing  the  adsorption  of  dissolved  organic  matter  from  natural  waters.  J  Colloid 

Interface  Sci  108:  33 1-340 

Loeb  G  I  Neihof  R  A  (1975)  Marine  conditioning  films.  Adv  Chem  Ser  145:  319-335 

Loeb  G  L  Neihof  R  A  (1977)  Adsorption  of  an  organic  film  at  the  platinum-seawater  interface.  J  Mar  Res  35: 
283-291 

Loewen  P  C.  Hengge-Aronis  R  (1994)  The  role  of  the  sigma  factor  o'  (KatF)  in  bacterial  global  regulation. 

Anna  Rev  Microbiol  48:  53-80  ^  ,  r 

Lopez  G  P»  Albers  M  W,  Schreiber  S  L,  Carrol  R,  Peralta  E,  Whitesides  G  M  (1993)  Convenient  methods  for 
patterning  the  adhesion  of  mammalian  cells  to  surfaces  using  self-assembled  monolayers  of  alkanethiolates 
on  gold.  J  Am  Chem  Soc  1 15:  5877-5878 

Lopez  G  P,  Ratner  B  D,  Tidwell  C  D,  Haycox  C  L,  Rapoza  R  J,  Horbetl  T  A  (1992)  Glow  discharge  plasma 
deposition  of  teraethylence  glycol  dimethyl  ether  for  fouling-resistant  biomaterial  surlaces.  J  Hiomed  Mater 


/?e.v  26:  415-439 

Malmsten  M  (1994)  Ellipsometry  studies  of  protein  layers 


ad.sorbed  at  hydrophobic  surfaces.  J  Colloid 


Interface  Sci  166:  333-342 

Mantus  D  S,  Ratner  B  D,  Carlson  B  A,  Moulder  J  F  (1993)  Static  .secondary  ion  mass  spectrometry  of  ad.sorbed 


proteins.  Anal  Chem  65:  1431-1438 

McEldowney  S,  Fletcher  M  (1986)  Variability  of  the  influence  of  physicochemical  factors  affecting  bacterial 
adhesion  to  polystyrene  substrata.  Appl  Environ  Microbiol  52:  460-465 
Merker  R  L  Smit  J  (1988)  Characterization  of  the  adhesive  holdfast  of  marine  and  freshwater  caulobacters.  Appl 
Environ  Microbiol  54:  2078—2085 

Neu  T  R  (1992)  Microbial  “footprints”  and  the  general  ability  of  microorganisms  to  label  surfaces.  Can  J 

Microbial'S^'.  1005-1008  r 

Norde  W,  MacRitchie  F,  Nowicka  G,  Lyklema  J  (1986)  Protein  adsorption  at  solid-liquid  interfaces: 

reversibility  and  conformation  aspects.  J  Colloid  Interface  Sci  112:  447-456 
Notter  M  F  (1988)  Selective  attachment  of  neural  cells  to  specific  substrates  including  Cell-Tak,  a  new  cellular 
adhesive.  Exp  Cell  Res  177:  237-246 

Nylander  T,  Klekicheff  P»  Ninham  B  W  (1994)  The  effect  solution  behavior  of  insulin  on  interactions  between 
adsorbed  layers  of  insulin.  J  Colloid  Interface  Sci  164:  136-150 
Pakulski  J  D,  Benner  R  (1994)  Abundance  and  distribution  of  carbohydrates  in  the  ocean.  Umnol  Oceanogr 


39:  930-940 

Parkinson,  J  S  (1993)  Signal  transduction  schemes  in  bacteria.  Cell  73:  857-871 

Passador  L,  Cook  J  M,  Gambello  M  J,  Rust  U  Iglewski  B  H  (1993)  Expression  of  Pseudomonas  aeruginosa 
virulence  genes  requires  cell-to-cell  communication.  Science  260;  1 1 27-1 1 30 
Paul  J  H,  Jeffrey  W  H  (1985)  Evidence  for  separate  adhesion  mechanisms  for  hydrophilic  and  hydrophobic 
surfaces  in  Vibrio  proteolytica.  Appl  Environ  Microbiol  50:  431-437 
Peters  T,  Jr  (1985)  Serum  albumin.  Adv  Protein  Chem  37:  161-245 

Piper  K  R,  von  Bodman  S  B,  Farrand  S  K  (1993)  Conjugation  factor  of  Agrobacterium  tumefaciens  regulates  Ti 
plasma  transfer  by  autoinduction.  Nature  362:  448-450 
Pitt  W  G,  Cooper  S  L  (1988)  Albumin  ad.sorption  on  alkyl  chain  derivatized  polyurethanes:  I.  the  effeci  of  C-18 
alkylation.  J  Biomed  Mater  Res  22:  359-382 

Pratt-Terpstra  I  H,  Weekramp  A  H,  Busscher  H  J  (1987)  .Adhesion  of  oral  streptococci  from  a  flowing 
suspension  to  uncoated  and  albumin-coated  surfaces.  J  Gen  Microbiol  133:  3199—3206 
Prime  K  L,  Whitesides  G  M  (1991 )  Self-assembled  organic  monolayers:  model  .systems  for  studying  adsorption 
of  proteins  at  surfaces.  Science  252:  1 164-1 167 

Prime  K  L,  Whitesides  G  M  (1993)  Ad.sorption  of  proteins  onto  surfaces  containing  cnd-attachcd  oligo 
(ethylene  oxide):  a  model  .system  using  self-a.s.sembled  monolayers.  7  Am  Chem  Soc  115:  10714-10721 
Pringle  J  H,  Fletcher  M  (1986)  Ad.sorption  of  bacterial  surface  polymers  to  attachment  substrata.  J  Gen  Microb 
132:  743-749 

Quintero  E  J,  Weiner  R  M  ( 1995)  Evidence  for  the  adhesive  function  of  the  exopolysaccharide  of  Hyphomonas 
strain  MHS-3  in  its  attachment  to  surfaces.  Appl  Environ  Microbiol  61:  1897-1903 
Ranieri,  J  P,  Bellamkonda  R,  Jacob  J,  Vargo  T  G,  Gardella  J  A.  Aebischcr  P  (1993)  Selective  neuronal  cell 
attachment  to  a  covalently  patterned  monoamine  on  fluorinated  chiylcne  propylene  lilnis.  J  Hianied  Mater 
27:  9 1 7-92.5 


ADHESION  OF  BIOFILMS  TO  INERT  SURFACES 


121 


Read  R  R,  Coslerlon  J  W  (1987)  Purification  and  characterization  of  adhesive  cxopolysaccharidcs  from 
Pseudomonas  putida  and  Pseudomonas  fluorescens.  Can  J  Microbiol  33:  1 080- 1 090 
Rosenberg  M,  Kjelleberg  S  (1986)  Hydrophobic  interactions:  role  in  bacteria!  adhesion.  Adv  Microh  Ecol 
9:  353-393 

Schakenraad  J  M,  Noordmans  J,  Wildevuur  Ch  R  H,  Arends  J,  Busscher  H  J  (1989)  The  effect  of  protein 
adsorption  on  substratum  surface  free  energy,  infrared  abso^tion  and  cel!  spreading.  Biofoul  inf*  I:  193-201 
Staunton  S,  Quiquampoix  H  (1994)  Adsorption  and  conformation  of  bovine  serum  albumin  on  montmorillonite: 
modification  of  the  balance  between  hydrophobic  and  electrostatic  interactions  by  protein  methylation  and 
pH  variation.  J  Colloid  Interface  Sci  166:  89-94 

Stenstrom  T  A  (1989)  Bacterial  hydrophobicity,  an  overall  parameter  for  the  measurement  of  adhesion  potential 
to  soil  particles.  Appl  Environ  Microbiol  55:  142-147 

Suci  P  A,  Geesey  G  G  (1995)  Investigation  of  alginate  binding  to  germanium  and  polystyrene  substrata 
conditioned  with  mussel  adhesive  protein.  J  Colloid  Interface  Sci  172: 

Sutherland  I  W  (1980)  Polysaccharides  in  the  adhesion  of  marine  and  fresh  water  bacteria.  In:  Berkeley  R  C  W, 
Lynch  J  M,  Melling  J,  Vincent  B  (eds)  Microbial  Adhesion  to  Surfaces.  Ellis  Horwood,  Chichester.  UK, 
pp  329-338 

Tamada  Y,  Ikada  Y  (1993)  Effect  of  preadsorbed  proteins  on  cell  adhesion  to  polymer  .surfaces.  J  Colloid 
Interface  Sci  ISS:  334-339 

Taylor  G  T,  Troy  P  J,  Nullet  M,  Sharma  S  K,  Liebert  B  E  (1994)  Protein  adsorption  from  .seawater  onto  solid 
substrata:  II.  behavior  of  bound  protein  and  its  influence  on  interfacial  properties.  Mar  Chem  47:  21-39 
Thurman  E  M  ( 1 985)  Organic  Geochemistry  of  Natural  Waters.  Marlinus  Nijhoff,  Boston 
Troy  UFA  (1979)  The  chemistry  and  biosynthesis  of  selected  bacterial  capsular  polymers,  Anna  Rev  Microbiol 
33:519-560 

Uhlinger  D  J,  White  D  C  (1983)  Relationship  between  physiological  status  and  formation  of  extracellular 
polysaccharide  glycocalyx  in  Pseudomonas  atlantica.  Appl  Environ  Microbiol  45:  64—70 
Van  Enckevort  H  J,  Dass  D  V,  Langdon  A  G  (1984)  The  adsorption  of  bovine  serum  albumin  at  the  stainless- 
steel/aqueous  solution  interface.  J  Colloid  Interface  Sci  98:  138-143 
Van  Loosdrecht  M  C  M,  Lyklema  J,  Norde  W,  Zehnder  A  J  B  (1989)  Bacteria!  adhesion:  a  physicochemical 
approach.  Microb  Ecol  17:  1-15 

Vroman  L,  Adams  A  L  (1986)  Adsorption  of  proteins  out  of  plasma  and  solutions  in  narrow  spaces.  J  Colloid 
Interface  Sci  111:  391-402 

Waite  J  H  (1990)  Marine  adhesive  proteins:  natural  composite  thermosets.  Int  J  Biol  Macromol  12:  139-144 
Wells  M  L,  Goldberg  E  D  (1994)  The  distribution  of  colloids  in  the  north  atlantic  and  southern  oceans.  Umnol 
Oceanogr  39:  286-302 

Williams  T,  Manimo  K,  Waite  J  H,  Henkens  R  W  (1989)  Mussel  glue  protein  has  an  open  conformation.  Arch 
Biochem  Biophys  269:  415-422 

Wolfaardt  G  M,  Uwrence  J  R,  Robarts  R  D,  Caldwell  S  J,  Caldwell  D  E  (1994)  Multicellular  organization  m  a 
degradative  biofilm  community.  Appl  Environ  Microbiol  60:  434-446. 

Wrangstadh  M,  Conway  P  L,  Kjelleberg  S  (1986)  The  production  of  an  extracellular  polysaccharide  during 
starvation  of  a  marine  Pseudomonas  sp.  and  the  effect  thereof  on  adhesion.  Arch  Microbiol  145:  220—227 
Yun  C,  Ely  B,  Smit  J  (1994)  Identification  of  genes  affecting  production  of  the  adhesive  holdfast  of  a  marine 
caulobacter.  J  Bacteriol  176:  796-803 


P.C.  Schamberger 


Microbial  Cell  Fingerprinting--  Deveiopment  of 
TOF-SiMS  for  the  Study  of  Microbiai  Cell  Surfaces 


Patrick  C.  Schamberaer.  Frank  Caccavo,  Jr., 
Fintan  van  Ommen  Kloeke,  Gill  G.  Geesey 


Center  for  Biofilm  Engineering 
409  Cobleigh  Hall 
Montana  State  University 
Bozeman,  MT  69717 


P.C.  Schamberger 
Introduction 

TIme-of-Fllght  Secondary  km  Mass  Spectrometry  (TOF-SIMS)  has  been  applied  to  the  study  of 
biomolecules  (1,2,3).  To  date,  the  study  of  Womolecules  has  been  limited  to  constructing  model 
surfaces  (l.e.  on  which  a  blomdecule  is  adsorbed  to  determine  Ks  fragmentation  pattern  In  a  dry 
slate.  This  prefect  demonstrates  the  utility  of  TOF-SIMS  as  an  analytical  tooi  to  study  microorganisms 
(bacteria)  in  marine  environments.  Using  the  cold  probe  technique,  the  analysis  of  bacteria  In  blofilms 
in  an  hydrated  environment  is  possibie. 

This  project  Involves  developing  TOF-SIMS,  which  Is  an  analytical  technique.  No  changes  to  the 
spectrometerwin  be  made,  therefore,  one  must  only  construct  samples  for  analysis  by  TOF-SIMS  and 
model  samples  to  aid  In  the  Interpretation.  The  approach  is  to  use  the  TOF-SIMS,  and  a  cold  probe  on 
a  TOF-SIMS  where  applicable,  to  analyze  a  series  of  bacteria.  The  three  goals  of  this  project  are  to 
determine  If  the  TOF-SIMS  ion  fragrnentation  pattern  of  a  cell  surface  results  in  a  “fingerprint"  spectrum 
that  can  be  used  to  identify  a  particular  bacterium.  If  one  does  obtain  a  unique  fingerprint  of  a 
bacterium,  an  attempt  to  determine  the  cell  surface  molecules  responsible  for  adhesion  can  be  made. 
Lastly,  evaluating  the  use  of  the  cold  probe  technique  to  study  microbes  in  a  biofilm  will  be  made. 

Ion  fragmentation  patterns  obtain^  In  the  TOF-SIMS  are  unique  to  the  molecules  from  which  the 
ions  and  Ion  fragments  are  obtained  (4).  The  different  properties  of  microbial  cell  surfaces  should  be 
reflected  by  a  unique  molecular  composition.  Therefore,  one  should  be  able  to  identify  ion  fragments 
unique  to  each  different  molecule  on  a  microbe  surface  to  form  a  “fingerprint"  spectrum  of  the  microbe. 
This  spectrum  could  then  be  used  to  determine  the  presence  or  absence  of  a  particular  microbe  in  a 
blofilm.  Using  the  cold  probe  technique  we  propose  to  develop  a  protocol  for  analysis  of  a  biofilm  in  its 
native  hydrated  state.  Specifically,  this  project  would  develop  TOF-SIMS  to  study  biofilm  populations 
that  have  developed  on  surfaces  In  the  natural  environment. 

Experimental 

Samples 

Cell  samples  were  obtained  by  transferring  the  cells  from  colonies  on  agar  plates  to  a  cleaned, 
oxidized  silver  substrate.  The  silver  substrate  (Johnson  Matthey,  Alfa  Aesar,  Ward  Hill,  MA  99.9% 
silver  foil)  was  cleaned  by  Immersion  for  5  minutes  In  an  ultrasound  bath  of  the  following  solvents: 
hexane,  chloroform,  tetrahydrofuran.  and  methanol  (all  Fisher  Scientific,  Fair  Lawn,  NJ.  HPLC  grade 
solvents).  After  cleaning  the  coupon  was  etched  (oxidized)  In  concentrated  HNO3  (Fisher  Scientific, 
Fair  Lawn  NJ,  reagent  grade)  then  rinsed  In  nanopure  water. 

The  following  cell  types  were  analyzed: 

Hyphomonas,  strain  MHS-3,  wild  type  strain 
Hyphomonas,  strain  MHS-3.  reduced  adhesive  strain 
Pseudomonas  aentginosa 
Enterococcus  fyedum,  parent 
Enterococcus  faedum,  L-form 
ShewaneKa  afga^  strain  BrY,  wild  type 
ShewaneSa  alga,  strain  BrY,  reduced  adhesive 

The  cells  were  allowed  to  air  dry  overnight  before  analysis. 

TOF-SIMS 

The  Instrument  used  to  collect  the  TOF-SIMS  spectra  was  a  Charles  Evans  &  Associates  (now  PHI- 
Evans)  T-2000  TRIFT  TOF-SIMS.  The  primary  Ion  source  was  an  1 1  keV  cesium  Ion  source  with  an 
average  ion  current  of  2  pA  (measured  on  Si)  for  150  seconds,  with  a  156  ps  pulse  width.  10  kHz 
repetition  rate,  corresponding  to  5.7  x  10^’  ions/cm^  within  a  static  SIMS  Ion  dosage.  The  Ion  beam  was 
rastered  using  a  scatter  raster  pattern  In  a  6Su  by  65^  area.  Charge  compensation  was  accomplished 
using  a  24  V,  4  nA  (pulsed  current)  beam  of  ele^ons,  pulsed  out  of  phase  with  the  ion  gun  every  five 
Ion  gun  cycles.  A  3  kV  sample  bias  was  placed  at  the  sample  stage  to  act  as  the  secondary  km 
edraction  field.  Ions  were  detect^  In  Ion  counting  mode.  A 1  kV  post-accelerating  voltage  was  applied 
at  the  detector.  Positive  and  negative  km  spectra  were  obtained. 

Results  and  Discussion 

For  simplicity,  positive  ion  mass  spectra  are  being  presented  in  this  paper.  In  some  cases,  negative 
km  spectra  aids  In  Identifying  cells  and  cell  surface  molecules  and  will  be  discussed  in  the  presentation. 
In  general,  K  is  easier  to  obtain  higher  mass  fragments  of  positive  Ions  due  to  the  nature  of  the  Ion 
formation  mechanisms. 

Marine  system.  Wild  Type  and  Reduced  Adhesive  Hyphomonas  cells 

Figure  1  shows  the  positive  ion  spectra  of  Hyphomonas  Wild  Type  (1  A)  and  Reduced  Adhesive 
mutant  (1 B)  cells.  Notice  that  the  spectra  appear  to  be  identical.  Unfortunately,  salt  Ion  Interference 
(from  the  marine  saline  conditions  necessary  to  grow  the  cells)  prevented  the  observation  of  higher 
mass  tons.  The  regton  from  100  to  200  m/z  Is  useful  in  identifying  classes  of  adhesive  molecules.  The 
peaks  observed  at  1 1 0  and  1 20  m/z  are  indicative  of  proteins  on  the  surface.  These  tons,  as  well  as 
peaks  at  112, 115,  and  136  can  be  used  to  Identify  the  presence  of  proteins.  Figure  1 C  shows  the 
spectrum  for  a  typical  protein,  Bovine  Serum  Albumin  (BSA)  and  is  included  as  a  protein  model 
compound. 
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Reduced  ^dhesh/e  Shewanaia  alaa  strain  BfY  ftftik 

^'''sure  2A)  and  Reduced 
of  Sftewaneto  alga  strain  BrY  cells.  In  this  region  (100-200  m/z),  the  cells 

proteins  or  ‘  ®®"®  ‘*®*  '™*®®  fragments  that  do  not  Indicate 

orthS^ed2SAS^"S^‘*^5J^‘“/l™"""P'^“^P°^  The  higher  mass  region 
P^ns(110^^SM^\  "”®®  fragments  that  Indicate  the  present  of 

(W  m  IK  SisTS  ®®  ®®  ^  '"<««««  PofyMccharldes 

S  Peakat  181  mte  Is  most  likely  a  glucose+H*  ion,  and  the  peak  at  165 

nv^i^  likely  the  1 81  ion  fragment  with  the  loss  of  an  oxygen  » ■ «« 

lhe^Sn2l  S'cSlll  to  obswed  in  t>oth  cell  types  and  may  be  an  Indicator  of 

This  observation  must  be  repeated.  As  an  additional  test,  cells 
will  be  grown  under  different  conditions  to  see  if  growth  conditions  effect  the  fingerprint  spectra. 

fingerprints.  ShewanaKa  f^er/domo/ias  and  Fnterococc,/.^ r^ite 
/-aec/rTSre^^  ri«in  representative  spectra  for  Pseudomonas  aeruginosa,  Entemcoccus 
mt  ^  ®>fe«>coccr/s  faedum-L-lom  strain  in  the  mass  region  from  1 00  to  200 

between  cell  types  can  be  curved  In  this  regSJ 
‘"■et'ngnished  from  in  this  region,  although 

.h  •  r  “'®  Enterococcus  cell  can  also  be 

Bbngi^.  In  region,  the  followrg  fingerprint  peaks  can  be  assigned;  ShewaneKa-WM  Type 

Adhesive  113,  197;  Pseudomonas  159  172  1^ 
M^pe^^  pro^  (110, 120)  are  present  on  the  Pset/etomoMs  (also  on  the  Enterococcus- 

Kr2“crssrr?iu^^^^ 

ce#IISl!^I^S^,!!!^![li^t!r®^  regkm  100  to  200  m&  indicate  the  ability  to  fingerprint  these 

^1  Pseudomonas  and  both  Enferococci/s 

FnV^i^  appeared  in  the  region  from  200  to  400  mte  and  are  shown  on  Figure  5. 

behl^  S1^h^'”T®  C^O-  4A).  note  the  fingerprint  ion  mass  fragment  peaks 

244. 272  and  300  differ  by  28  amu 

fragments.  260  and  2STrS3l  l!^te Slfn  al^"*^ 

differ^  «"fl«'Print  spectra  are 

is  fsec^L-fdmn  cell  (Fig.  4C).  a  mutant  of  the  parent,  the  36S  mfe  fragment 

S^^ed^Kt^  peak  DM  used  to  fingerprint  all  Enterococcus  cells.  data 
2"206^S^anrf^  «  including  the  effect  of  growth  conditions.  However,  the  peaks 

**  “®®^  *°  distinguish  this  cell  from  the  parent.  The  mass  differ^ 
be^een  ^ese  fragments  are  not  28  in  this  case;  but  rather,  have  a  mass  difference  of  is  Thk 

•"  Identifying  each  peak  In  the  TOF-SIMS  spectra  of  a  particular  cell  This 
*'T®  °f  ww^  may  be  useful  In  the  future  towards  unraveling  a  recognition  sequence  resix>nsible  for 
adhesion.  However,  this  work  currently  falls  outside  of  the  Icope^hisJoS 

In  summary,  this  data  suggests  the  abHIty  of  TOF-SIMS  to  distinguish- 

1 . )  Different  genera  of  bacterial  cells. 

2. )  Mutants  of  the  same  species  of  bacterial  cells. 
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““Figure  1-  Positive  Ion  TOF-SIMS  spectra  (100  to  200  m/z)  of: 

(A)  Hyphomonas  Wild  Type  cells 

(B)  Hyphomonas  Reduced  Adhesive 

(C)  Bovine  Serum  Albumin 


Figure  2~  Positive  Ion  TOF-SIMS  spectra  (100  to  200  m/z)  of: 

(A)  ShewaneHa  alga  strain  BrY  Wild  Type  cells 

(B)  ShewaneHa  alga  strain  BrY  Reduced  adhesive  cells 
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Figure  3-  PosKive  Ion  TOF-SIMS  spectra  (100  to  200  mfz)  of: 

(A)  Pseudomonas  aeniginosa  cells 

(B)  Enterococcus  faedum,  parent  cells 

(C)  Enterococcus  faedum,  L-form  cells 


Figure  4-  Positive  km  TOF-SIMS  spectra  (200  to  400  mfz)  of: 

(A)  Pseudomonas  aeruginosa  cells 

(B)  Enterococcus  faedum,  parent  cells 

(C)  Enterococcus  faedum,  L-form  cells 
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The  irreversible  adsorption  of  mussel  adhesive  proteins  (MAP) 
from  the  marine  mussel  Mytilus  edulis  has  been  investigated  on 
polystyrene  (PS)  and  poly(octadecyl  methacrylate)  (POMA)  sur¬ 
faces  using  angle  resolved  X-ray  photoelectron  spectroscopy 
(XPS)»  attenuated  total  reflection  Fourier  transform  infrai^ 
(ATR-FTIR)  specm>metry»  and  atomic  force  microscopy  (AFM). 
Angle  resolved  XPi^TTas  used  to  Quantify  the  elemental  composi¬ 
tion  with  depth  of  the  upper  90  A  of  the  surface,  and  AFM  was 
used  to  obtain  the  surface  topography.  The  adsorption  pattern  of 
MAP,  revealed  by  AFM  images,  is  distinctly  different  on  the  two 
polymer  surfaces  and  suggests  that  the  substratum  influences  pro¬ 
tein  adhesion.  The  depth  profiles  of  MAP,  obtained  from  angle 
resolved  XPS,  show  differences  in  nitrogen  composition  with  depth 
for  MAP  adsorbed  to  PS  and  POMA.  Infrared  spectra  of  hydrated 
adsorbed  MAP  revealed  significant  differences  in  the  amide  III 
region  and  in  two  bands  which  may  originate  from  residues  in  the 
tandemly  repeated  sequences  of  MAP.  This  data  demonstrates  that 
the  chemistry  of  the  polymer  film  that  is  present  at  the  protein- 
polymer  interface  can  influence  protein-protein  and  protein-sur¬ 
face  interactions.  O  im  Academic  Picn,  tnc. 

Key  Words:  mussel  adhesive  protein;  protein  adsorption;  XPS; 
ATR-FTIR;  AFM. 


INTRODUCTION 

In  the  marine  environment,  microorganisms  adhere  tena- 
.ciously  to  virtually  every  known  solid  surface.  Despite  many 
years  of  research  effort,  the  molecular  interactions  that  are 
responsible  for  microbial  adhesion  and  fpuling  of  surfaces 
remain  obscure.  An  understanding  of  these  interactions  would 
contribute  to  the  development  of  surfaces  that  resist  coloniza¬ 
tion  of  microorganisms.  One  reason  why  the  molecular  inter¬ 
actions  are  not  understood  is  because  microbial  adhesion  to 
surfaces  is  a  multifactorial  process  that  involves  many  types 
of  bonding  (1).  To  further  complicate  the  situation,  it  has 
been  shown  that  prior  to  microbial  adhesion,  a  proteinaceous 
conditioning  film  forms  on  the  surface  of  the  substratum  (2). 

*  To  whom  correspondence  should  be  addressed. 
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This  conditioning  film  imparts  a  uniform  net  negative  charge 
to  the  surface  and  masks  the  substratum  properties  (3).  The 
microorganisms  attach  to  the  conditioning  film  through  adhe¬ 
sive  structures  composed  of  proteinaceous  and  exopolysac¬ 
charide  molecules.  TTierefore,  any  serious  study  of  microbial 
adhesion  to  submerged  surfaces  must  include  the  characteiiza- 
tion  of  molecular  interactions  with  the  condjioning  film. 
Since  the  conditioning  film  which  forms  on  the  surface  in  the 
marine  environment  is  still  poorly  defined,  simplification  of 
its  composition  is  essential  in  order  to  provide  for  a  degree 
of  control  that  will  enable  the  interactions  at  these  surfaces 
to  be  characterized.  The  goal  of  this  research  is  to  characterize 
the  interactions  these  proteins  have  when  they  are  associated 
with  two  polymer  surfaces  displaying  different  functionalifies, 
as  is  illustrated  in  Hg.  1. 

The  mussel  adhesive  proteins  (MAP),  which  contain  Afy- 
tilus  edulis  foot  proteins  one  and  two  (MeFP-1  and  MeEP- 
2),  were  used  as  a  model  protein  conditioning  film.  McFP- 
1  and  MeFP-2  have  a  highly  conserved  repeat  pattern.  The 
MeFP-1  protein  has  a  well-characterized  structure  consisting 
of  repeating  hexa-  and  decapeptide  motifs  and  has  an  open 
conformation  with  very  little  secondary  structure  (4,  5). 
These  qualities  make  this  protein  an  ideal  model  condition¬ 
ing  film  since  the  open  conformation  and  repeat  pattern 
makes  the  functional  groups  fully  accessible  for  surface  in¬ 
teractions.  MeFP-1  and  MeFP-2  also  have  novel  composi¬ 
tions,  with  elevated  levels  of  3,4-dihydroxyphenyl-L-alanine 
(l-DOPA)  and  4-  and  3-mono-  and  di-transhydroxypndine 
(Hyp).  These  functional  groups  may  confer  an  adhesive 
character  to  the  proteins  by  enabling  interactions  using  qui- 
none  redox  chemistry  (6,  7).  However,  these  protein-sur¬ 
face  interactions  have  yet  to  be  demonstrated.  Characteriza¬ 
tion  of  the  specific  protein-surface  interactions  is  a  prerequi¬ 
site  to  the  understanding  of  microbial  attachment  and  fouling 
of  surfaces. 

MATERIALS 
Adsorbates,  Solvents,  and  Substrates 

Purified  MAP  from  Mytilus  edulis  was  obtained  from 
Swedish  Bioscience  Laboratory  (Floda,  Sweden)  and  stored 
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FIG.  1.  Schematic  diagram  of  the  interactions  being  investigated  between  the  MAP  proteins  (MeFP-1  and  MeFP-2)  and  between  the  protein  and 
polymer  surfaces  of  (a)  polystyrene  and  (b)  poly(octadecyl  methacrylate ). 


desiccated  at  — 40°C.  The  amino  acid  composition  according 
to  the  supplier  is  (per  1000  residues):  83  Asp,  74  Thr,  97 
Ser,  64  Glu,  69  Pro,  132  Gly,  68  Ala,  50  Val,  25  lie,  29 
Leu,  30  Tyr,  12  Phe,  27  His,  115  Lys,  41  Arg,  41  Hyp,  and 
70  3,4-dihydroxy-L-phenylalanine  (l-DOPA).  Acetic  acid- 
urea  polyacrylamide  gel  electrophoresis  (PAGE)  indicated 
that  the  MAP  preparation  consisted  of  80%  of  the  two  L- 
DOPA  containing  proteins,  MeFP-1  and  MeFP-2,  in  equal 
quantities.  Two  non-L-DOPA  containing  proteins  contrib¬ 
uted  20%  of  this  preparation.  The  protocol  for  the  PAGE 
was  performed  using  previously  described  methods  and  the 
identification  of  MeFP-1  (130  kD)  and  MeFP-2  (45  kD) 
were  made  according  to  previously  published  results  (8). 
Both  MeFP-1  and  MeFP-2  contain  the  unusual  catecholic 
functionality  l-DOPA. 

Dichloromethylsilane  (Aldrich  97%)  was  used  as  re¬ 
ceived.  Hexadecane  (Aldrich  99+%)  was  purified  by  pas¬ 
sage  through  Super  I  Basic  Alumina  (Rsher  Scientific)  five 
times.  All  solvents  including  chlorofonn,  ethanol,  and  tolu¬ 
ene  (Aldrich)  were  HPLC  grade. 

Optically  smooth  germanium  (111)  wafers  (Exotic  mate¬ 
rials  Inc.,  Costa  Mesa,  CA),  2.54  cm  in  diameter  and  1-mm 
thick,  were  cut  into  !  cm  X- 1  cm  pieces  using  a  diamond 
tipped  stylus  and  spin  coated  with  either  p>olystyrene  (PS) 
or  poly(octadecyl  methacrylate)  (POMA)  for  the  X-ray 
photoelectron  spectroscopy  (XPS)  and  atomic  force  micros¬ 
copy  ( AFM)  studies.  For  the  attenuated  total  reflection  Fou¬ 
rier  transform  infrared  (ATR-FTIR)  spectroscopy  studies 
cylindrical  germanium  internal  reflection  elements  (IRE) 
(Spectra  Tech,  Stamford,  CT)  were  used. 

PS  (Aldrich  Secondary  Standard)  was  prepared  as  a  1.5% 
(w/v)  solution  in  toluene.  POMA  (Aldrich)  was  prepared 
as  a  1.5%  (v/v)  solution  in  toluene. 

PREPARATION  OF  SUBSTRATUM 
Ge  Cleaning  Procedure 

The  germanium  crystals  were  immersed  in  an  ultrasonic 
bath  of  a  cleaning  solution  that  was  a  mixture, of  isopropyl 


alcohol  saturated  with  potassium  hydroxide  for  10  min.  The 
crystals  were  then  removed  and  immediately  placed  in  an 
ultrasonic  bath  of  ultra  pure  water.  They  were  then  gently 
scrubbed  with  undiluted  Micro  cleaning  solution  using  cot¬ 
ton  swabs.  The  crystals  were  rinsed  in  a  hard  stream  of  ultra 
pure  water  and  immersed  in  a  series  of  ultrasonic  solvent 
baths,  for  5  min  each  in  ultra  pure  water  (twice),  ethanol, 
and  chloroform.  The  crystals  were  then  immediately  dried 
under  a  stream  of  hydrocarbon  free,  dry  nitrogen  and  trans¬ 
ferred  to  an  inert  atmosphere  (dry  N2)  chamber,  prior  to 
silanization.  The  above  cleaning  procedure  was  performed 
immediately  before  the  silanization  reaction  to  prevent  any 
adsorbed  materials  from  contaminating  the  surface. 

Auger  electron  spectroscopy,  using  a  Phi  Model  595  scan¬ 
ning  Auger  microprobe,  indicated  that  the  composition  of 
the  outermost  surface  region  of  the  germanium  substratum, 
when  cleaned  by  this  protocol,  was  9.1  ±  1.4%  carbon,  6J 
±  2.0%  oxygen,  and  83.9  ±  2.2%  germanium. 

Silanization  Procedure 

The  germanium  crystals  were  silanized  with  dichloio- 
methylsilane  to  improve  the  adhesion  of  the  polymer  films 
and  to  prevent  film  delamination  in  aqueous  solution.  All 
silane  monolayers  were  prepared  under  an  inert  atmosphere 
of  dry  N2.  Monolayers  of  dichloromethylsilane  were  formed 
by  immersing  clean  Ge  crystals  into  a  freshly  prepared  solu¬ 
tion  of  dichloromethylsilane  in  n -hexadecane.  All  glassware 
used  was  cleaned  with  “piranha”  solution,  consisting  of  a 
70:30  mix  of  concentrated  H2SO4  and  30%  H2O2,  respec¬ 
tively.  [WARNING:  Piranha  solution  reacts  violently,  even 
explosively  with  organic  materials  (9).]  Individual  solutions 
were  prepared  by  mixing  a  solution  that  was  5  X  \Q~^  M 
dichloromethylsilane  in  /i -hexadecane.  Each  solution  was 
stirred  for  5  min  before  a  germanium  crystal  was  introduced. 
The  reaction  vessel  was  then  capped  and  stored  at  room 
temperature  for  12  h.  Upon  removal  from  the  silane  solution, 
the  crystals  were  immediately  rinsed  with  50  ml  of  chloro¬ 
form.  They  were  then  removed  from  the  inert  atmosphere 


PROTEIN  ADSORPTION  TO  POLYMER  SURFACES 


309 


and  extracted  in  a  sohxlet  extractor  with  hot  chloroform  for 
30  min  to  remove  any  excess  silane.  They  were  then  cured 
in  an  oven  at  112‘’C  for  3  h.  Contact  angle  measurements 
were  performed  with  water  to  estimate  the  quality  of  the 
silane  film.  Surfaces  with  contact  angles  less  than  100° 
proved  inadequate  for  polymer  adhesion  and  were  discarded. 

Preparation  of  Polymer  Surfaces 

PS  and  POMA  polymer  films  were  spin  cast  onto  presilan- 
ized,  germanium  fragments  for  the  XPS  and  AFM  studies. 
PS  was  used  as  a  1.5%  (w/v)  solution  in  toluene  and  POMA 
was  used  as  a  1.5%  (v/v)  solution  in  toluene.  Presilanized 
germanium  crystals  were  completely  covered  with  polymer 
solution  and  then  immediately  spin  cast  at  3500  rpm  for  2 
min'.  The  polymer  films  were  dried  at  room  temperature  for 
24  h. 

For  the  ATR-FTIR  studies  the  cylindrical  germanium  IRE 
were  silanized  as  described  above.  PS  and  POMA  were  dip 
coated  onto  germanium  IRE  at  a  speed  of  0.5  cm/s. 

X-ray  photoelectron  spectroscopy  (Surface  Science  In¬ 
struments,  Model  SSX-100,  600- pm  diameter  spot  size, 
monochromatized  aluminum  Ka  source)  of  the  polymer 
films  indicated  that  the  films  were  continuous  (i.e.,  no  ger¬ 
manium  or  silanerwas  detected).  Recent  AFM  images  ac¬ 
quired  in  the  Fluid  Tapping  mode  and  cold-probe  XPS  analy¬ 
sis  indicate  that  the  spin  cast  polymer  surfaces  are  stable 
when  hydrated  (manuscript  in  preparation). 

Protein  Adsorption  Protocol 

For  the  XPS  and  AFM  studies  the  polymer  coated  germa¬ 
nium  substrata  were  placed  in  a  glass  flow  cell  with  entrance 
and  exit  tubing  ports  to  allow  for  protein  adsorption  and 
subsequent  rinse.  For  ATR-FTIR  adsorption  experiments, 
the  polymer  coated  germanium  IRE  were  placed  within  a 
stainless  steel  ilow  chamber  (Circle  Cell,  Spectra  Tech, 
Stamford,  CT).  Fluid  was  introduced  and  displaced  through 
entrance  and  exit  ports  at  each  end  of  the  Circle  Cell. 

All  protein  films  were  deposited  onto  freshly  prepared 
polymer  surfaces  after  the  24  h  drying  period.  A  stock  solu¬ 
tion  of  1  mg/ml  MAP  was  prepared  in  dilute  HCl  (pH  2.5) 
with  deionized  double  distilled  water,  deaerated  with  N2. 
The  stock  solution  was  stored  at  5°C.  A  50  pX  aliquot  of  this 
solution  was  added  to  0.45  ml  of  dilute  HCl  (pH  2.5).  For 
the  XPS  and  AFM  studies  this  mixture  was  delivered  into 
the  flow  cell  containing  the  substratum  that  was  to  undergo 
protein  adhesion.  MAP  was  allowed  to  adsorb  by  raising  the 
pH  to  8.0  by  delivering  a  0.5  ml  aliquot  of  a  pH  10.9  solution 
into  the  reaction  chamber,  bringing  the  concentration  of  the 
protein  to  50  pg/ml.  For  the  ATR-FTIR  studies  a  50  pglm\ 
MAP  solution  was  prepared  as  above  before  delivery  into 
the  flow  cell.  After  a  1  h  adsorption,  the  substratum  was 
rinsed  of  any  unadsotbed  protein  by  flowing  an  aqueous 
solution  at  pH  8.0  through  the  reaction  chamber  at  a  rate  of 
100  ml/min  for  3  min.  The  ATR-FTIR  Circle  Cell  was  rinsed 


at  a  rate  of  0.5  ml/min  for  60  min.  The  samples  were  re¬ 
moved  and  dried  in  hydrocarbon  free  dry  air  overnight. 

SURFACE  CHARACTERIZATION 

Atomic  Force  Microscopy  Imaging 

All  surfaces  were  imaged  using  a  Nanoscope  III  AFM 
(Digital  Instruments,  Inc.,  Santa  Barbara,  CA)  with  a  350D 
scanner  and  a  3-101  optical  head.  The  instrument  was  used  in 
contact  mode  using  square  pyramid  microfabricated  silicon 
nitride  cantilevers  which  were  100  pm  in  length  and  had  a 
spring  constant  of  0J8  N/m.  The  images  were  recorded 
using  1  pm  X  1  pm  and  5  pm  X  5  pm  scan  areas  at  512 
scans  per  area  with  a  scan  rate  of  2  s”'.  All  images  were 
acquired  in  air  and  were  stable  with  time  and  reproducible. 

Angle  Resolved  X-Ray  Photoelectron  Spectroscopy 

XPS  spectra  were  obtained  from  a  Surface  Science  Instru¬ 
ment  Model  SSX-100  spectrometer.  A  5  eV  flood  gun  was 
used  to  offset  charge  accumulation  on  the  samples.  A  600- 
pm  diameter  spot  size  was  scanned  using  a  monochro¬ 
matized  Aluminum  Ka  X-ray  source  at  350  W  and  pass 
energies  between  25.0  e'V  (resolution  1 )  and  150  eV  (resolu¬ 
tion  4) .  Elemental  composition  was  calculated'bh'peak  areas 
from  the  C  Ij,  N  Is,  and  O  Is  core  levels.  Relative  peak 
areas  were  calculated  by  fitting  the  high  resolution  C  Is,  N 
Is,  and  O  Is  peaks  with  Gaussian  functions.  Before  the 
variable  angle  study  was  conducted  an  initial  survey  at  80° 
(ftx>m  the  surface)  was  completed.  Depth  profiles  were  per¬ 
formed  using  variable  angle  data  collected  at  takeoff 
angles  of  10°,  22°,  35°,  and  80°.  The  elemental  compositions 
at  the  initial  80°  survey  were  compared  with  the  final  80° 
angle  study  to  ensure  no  X-ray  damage  had  occurred  during 
analysis.  TTie  data  were  collected  with  the  wide  angle  accep¬ 
tance  lens  masked  with  a  12“  slit  The  binding  energy  scale 
was  referenced  by  setting  the  CHx  peak  maximum  in  the  C 
Is  spectrum  to  285.0  eV  (10). 

ATR-FTIR  Spectrometry 

The  time  course  of  MAP  adsorption  in  a  hydrated  state 
was  followed  by  ATR-FTIR  spectrometry.  During  the  time 
course  of  each  experiment  infirared  (IR)  spectra  were  ac¬ 
quired  every  5  min.  A  Perkin  Elmer  Model  1800  Fourier 
transform  infrared  (FT-IR)  spectrophotometer  equipped 
with  a  liquid  N2  cooled,  medium  range  mercury-cadmium- 
telluride  detector  (5000-580  cm"')  was  used  to  collect  the 
ATR-FTIR  spectra.  Interferograms  were  double-sided,  apod- 
ization  was  a  weak  Beer- Norton  function,  and  the  range 
was  4000-700  cm"'  with  an  interval  of  I  cm"'  and  nominal 
resolution  of  2  cm"' ;  50  interferograms  were  averaged  per 
sfiectrum.  Water  vapor  bands  were  removed  by  subtraction 
of  a  pure  water  vapor  spectrum;  fluctuations  in  intensity  of 
the  strong  water  band  at  1640  cm"'  resulted  in  the  appear¬ 
ance  of  this  band  in  the  difference  spectra.  This  residual 
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water  absorption  band  was  removed  by  subtracting  out  a 
pure  water  spectrum  using  the  ratio  of  areas  of  the  absorption 
water  band  centered  at  2120  cm"'  as  a  normalization  factor 
(11).  Variation  in  absorbance  values  resulting  from  slight 
differences  in  alignment  of  the  flow  chamber  on  the  optical 
bench  and  coating  with  polymer  films  were  normalized  by 
using  the  area  of  the  water  absorption  band  at  1640  cm"' 
(area:  1540  to  1740  cm"')  as  an  internal  standard  (12). 
Areas  of  spectral  features  were  computed  for  the  region 
bounded  by  the  data  curve  and  a  linear  baseline  drawn  be¬ 
tween  the  two  endpoints  of  the  integration. 

Protein  surface  coverage  was  estimated  based  on  area  of 
the  amide  11  band  using  published  correlations.  Adsorption 
conditions  of  Fink  et  al.  (12)  resemble  approximately  those 
here  (saline  solution,  pH  7.4  on  germanium).  Extinction 
coefficients  for  solution  phase  bovine  serum  albumin  com¬ 
pare  favorably  with  our  estimates  (within  80%).  Fink  et 
al.  (12)  obtained  correlations  for  adsorbed  human  albumin, 
immunoglobulin,  and  fibrinogen.  Using  their  data,  a  factor 
for  conversion  of  amide  II  areas  to  surface  coverage  in  fig/ 
cm^  can  be  estimated.  This  conversion  factor  is  0.26  ±  0.12 
fig/cw?  per  unit  area  amide  II  (abs*cm"'). 

RESULTS 

Atomic  Force  Microscopy  Imaging 

MAP  adsorbed  to  clean  PS  and  POMA  fixrm  a  solution 
with  a  bulk  protein  concentration  of  50  pg/ml  was  imaged 
using  AFM.  Hgure  2  shows  AFM  contour  images  of  1  pm 
X  1  /im  areas  of  the  two  substrata  before  MAP  adsorption 
(2a,  2d)  and  1  /mi  X  1  /xm  (2b,  2e)  and  5  /rm  X  5  pm  (2c, 
20  areas  after  MAP  adsorption.  Before  MAP  adsorption, 
the  polymer  surfaces  are  extremely  smooth  with  almost  no 
surface  features  and  with  RMS  surface  roughness  values  of 
1.035  and  0.546  nm  for  PS  and  POMA,  respectively. 

Adsorption  of  MAP  to  the  PS  surface  resulted  in  the  for¬ 
mation  of  closely  packed,  repeating  structures  as  shown  in 
Rg.  2b.  Cross-sectional  analysis  of  these  features  shows  an 
average  height  of  9.48  ±  3.05  nm  and  a  width  of  33.02  ± 
7.82  nm.  The  5  pm  X  5  pm  scan  area,  shown  in  Rg.  2c, 
reveals  that  the  features  observed  at  high  magnification  cover 
larger  areas  of  the  surface,  suggesting  that  the  surfaces  are 
homogeneous  and  have  continuous  protein  coverage.  In  con¬ 
trast,  MAP  adsorbed  to  the  POMA  surface  displays  very 
different  protein  features  that  appear  to  be  linearly  ordered 
as  revealed  in  the  1  pm  X  1  pm  scan  area  in  Fig.  2e.  Cross- 
sectional  analysis  reveals  that  these  features  have  an  average 
height  of  2.45  ±  1.35  nm  and  a  width  of  68.4  ±  3.91  nm. 
The  5  pm  X  5  pm  scan  area,  shown  in  Fig.  2f,  shows  the 
protein  features  on  this  surface  to  be  very  heterogeneous, 
with  larger  more  complex  fibrous  structures.  These  features 
extend  19.36-nm  high  and  179.69  nm  in  width,  with  some 
as  long  as  2.4  pm.  Because  of  the  heterogeneous  nature  of 
map  on  this  surface  it  is  difficult  to  determine  whether  the 


surface  coverage  of  the  protein  is  continuous  based  on  this 
technique. 

Angle  Resolved  X-Ray  Photoelectron  Spectroscopy 

Angle  dependent  XPS  of  the  surfaces  studied  in  Rg.  2 
frirther  reveds  the  differences  in  MAP  adsorption  to  PS  and 
POMA  surfaces.  A  detailed  examination  of  the  C  Is  region 
of  clean  PS  and  POMA  and  of  MAP  adsorbed  to  PS  and 
POMA  at  takeoff  angles  of  80®  and  10®  are  given  in  Rg.  3. 
Each  peak  is  contributed  by  different  chemical  groups.  The 
C  U  peak  at  a  binding  energy  of  291.6  eV  is  attributed  to 
the  pi— pi  *  transition  in  the  aromatic  rings  of  the  polystyrene. 
The  p^  at  288.5  eV  arises  from  the  N — C=0  and 
O — C=0  functionalities  on  the  protein  and  in  the  methac¬ 
rylate  chain,  respectively.  The  C  Is  peak  at  a  biding  energy 
of  286.6  eV  is  attributed  to  the  C — N  and  C — O  functional¬ 
ities  in  the  proteiii  and  the  C — O — C  functionality  of  the 
POMA.  The  dominant  peak  in  both  sets  of  spectra  is  at  285.0 
eV.  This  peak  originates  from  the  aliphatic  carbon  in  both 
the  polymers  and  the  protein. 

Comparing  the  C  Is  regions  of  MAP  adsorbed  to  PS  at 
80®  and  10®  takeoff  angles  reveals  a  decrease  in  the  aliphatic 
peak  at  285.0  eV  and  disappearance  of  the  peak  associated 
with  the  pi-pi*  transition.  The  disappearance  of  the  pi-pi* 
transition  and  the  decrease  in  the  aliphatic  peak  relative  to 
the  286.6  and  288.5  eV  peaks  from  the  protein  indicates  tiiat 
at  a  takeoff  angle  of  10®  the  signal  from  the  PS  has  disap¬ 
peared  from  the  spectra  and  signal  intensity  arises  only  from 
the  protein.  The  C  1j  region  of  MAP  adsorbed  to  POMA 
reveals  an  increase  in  the  peak  at  286.6  eV  relative  to  the 
285.0  eV  peak  at  the  lower  takeoff  angle.  This  also  indicates 
a  greater  contribution  from  the  protein  to  this  C  Is  spectra. 

The  elemental  compositions  at  the  different  angles  were 
used  with  the  calculated  escape  depths  for  each  angle  to  gain 
insight  on  the  elemental  depth  distribution  of  the  proteins 
adsorbed  to  the  polymer  surfaces.  The- escape  depths  were 
calculated  using  parameters  for  organic  compounds  to  calcu¬ 
late  the  inelastic  mean  free  path  and  subsequently  the  esc^re 
depth  using  equations  previously  defined  ( 13).  Table  1  indi¬ 
cates  that  nitrogen  is  increasing  with  depth  when  MAP  is 
adsorbed  to  PS,  whereas,  this  trend  is  reversed  on  POMA. 
This  indicates  that  MAP  adsorbed  to  the  polystyrene  surface 
shows  a  nitrogen  distribution  that  is  enriched  at  the  surface 
of  the  adsorbed  protein  film.  In  contrast,  the  MAP  adsorbed 
to  the  POMA  surface  displays  a  depth  profile  that  shows  the 
nitrogen  enrichment  from  the  adsorbed  protein  at  a  maxi¬ 
mum  at  the  polymer  surface. 

ATR-FTIR  Spectrometry 

Figures  4a  and  4b  show  ATR-FTIR  spectra  of  MAP  ad¬ 
sorbed  onto  PS  and  POMA  polymer  films  after  the  60  min 
rinse  period.  The  time  course  of  adsorption /desorption  was 
followed  based  on  the  areas  (1591  to  1493  cm"')  of  the 
amide  II  band  (indicated  by  (iii)  in  Figs.  4a  and  4b).  This 
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FIG.  2.  AFM  contour  images  of  (a)  1  /im  X  1  /zm  area  of  PS  before  protein  adsorption,  (b)  \  X  {  fim  area  of  MAP  adsorbed  to  PS,  (c)  5  /im 

X  5  /im  area  of  MAP  adsorbed  to  PS,  (d)  1  /im  x  1  //m  area  of  POMA  before  protein  adsorption,  (e)  I  /im  x  1  fim  area  of  MAP  adsorbed  to  POMA, 
and  (f)  5  /im  X  5  /im  area  of  MAP  adsorbed  to  POMA. 
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FIG.  3.  C  Is  spectra  of  clean  PS  (a)  and  POMA  (d)  and  of  MAP  adsorbed  to  PS  (b,c)  and  POMA  (e,  f  )  at  takeoff  angles  of  80“  and  10“. 


is  shown  in  Rg.'  4c  for  each  of  the  two  surfaces  (PS  and 
POMA).  Adsorption  appears  to  be  irreversible.  The  surface 
coverage  of  MAP  at  the  end  of  the  rinse  period  on  PS  and 
POMA  surfaces,  estimated  from  the  correlations  specified 
in  the  Methods  section,  is  0.045  ±  0.021  and  0.066  ±  0.031 
/ig/cm*,  respectively. 

Comparison  of’  the  spectra  presented  in  Figs.  4a  and  4b 
reveals  a  number  of  differences  in  spectral  features.  (Fea¬ 
tures  are  indicated  in  Figs.  4a  and  4b  by  lower  case  Roman 
numerals.)  A  band  centered  at  1740  cm“'  (i)  is  evident  in 
MAP  on  POMA  which  does  not  appear  in  the  spectrum  of 
MAP  on  PS  (although  there  is  a  slight  band  centered  at  1730 
cm"'  in  this  spectrum).  The  amide  I  band  (ii)  is  centered 
at  1645  and  1654  cm"'  in  the  MAP  on  PS  and  POMA, 


respectively.  Spectral  features  in  the  region  from  1300  to 
1200  cm"'  (iv)  are  typically  attributed  to  amide  HI  vibra¬ 
tions  which  are  sensitive  to  protein  secondary  structure  ( 14- 
16)  and  less  obscured  by  the  large  water  band  centered  at 
1640  cm  *  than  the  amide  I  and  n  bands.  In  this  region  the 
spectrum  of  MAP  on  PS  and  POMA  differ  significantly. 
Distinct  features  centered  at  1150  (v)  and  1083  cm"'  (vi) 
in  both  spectra  are  unusual  for  adsorbed  proteins.  The  band 
centered  at  1150  cm"'  is  especially  prominent  in  the  MAP 
on  POMA. 

DISCUSSION 

The  results  presented  here,  demonstrate  that  the  functional 
groups  that  are  present  at  a  polymer  surface  can  influence 
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Sample 


Takeoff 

angle 


Escape 

depth 


Mean  atomic  percent® 

CON 


MAP  adsorbed  to  PS 

80 

843 

35 

49.1 

22 

32.1 

10 

14.9 

78.8  ±  6.3  13.5  ±  4.4  6.2  ±  3.2 

76.5  ±  7.5  15.8  ±  3.5  7J  ±  3.6 

74.3  ±  8.4  16.0  ±  4.8  8.5  ±  4.3 

72.8  ±  8.5  16.7  ±  4.6  8.9  ±  4.2 


MAP  adsorbed  to  POMA 


80 

84.3 

35 

49.1 

22 

32.1 

10 

14.9 

®  Taken  from  three  separately  prepared  surfaces. 


90.6  ±  1.5 
92.1  z  0.6 

92.7  ±  0.4 

94.8  ±  0,6 


6.2  ±  1.6 

6.6  ±  0.3 

6.5  ±  or.i 

4.7  ±  0.9 


13  ±  0.1 
1.0  ±  0.1 
0.6  ±  0.1 
03  ±  0.5 


protein-protein  and  protein-surface  interactions.  The  pro¬ 
tein-surface  interactions  that  can  occur  in  the  polymer- 
protein  systems  studied  here  are  limited  to  two  categories: 
one  surface  capable  of  undergoing  MAP-surface  pi -pi  bond 
overlap  interactions  (PS)  and  one  with  no  favorably  ener¬ 
getic  MAP-surface  interactions  (POMA).  The  PS  surface 
provides  a  hydrophobic  surface  with  an  aromatic  character 
and  a  medium  surface  free  energy,  and  the  POMA  surface 
provides  a  hydrophobic  low  energy  surface  with  an  aliphatic 
functionality. 

There  are  four  mechanisms  that  have  been  proposed  to 
play  iinportant  roles  in  MAP-MAP  and  MAP-surface 
interactions:  hydrogen  bonding,  metal-ligand  complexes, 
Michael-type  addition  compounds  derived  from  a-qui- 
nones,  and  charge  transfer  complexes  (17).  Olivieri  et  ai 
(18)  have  collected  data  that  suggests  that  MAP  can  orient 
itself  toward  oxide  surfaces  enabling  the  l-DOPA  residues 
to  interact  wUh  the  surface  through  hydrogen  bonding. 
Hansen  etal,  (19)  have  recently  found  that  MAP  interacts 
with  stainless  steel  by  complexing  and  binding  with  sur¬ 
face  metals.  The  Michael-type  addition  compounds  are 
driven  by  the  catechol  oxidase  enzyme  that  is  cosecreted 
with  the  proteins  in  the  natural  system  (20).  In  the  system 
studied  here,  there  are  no  divalent  cations  or  metal  ions  to 
provide  metal-ligand  complexation.  There  are  no  enzyme 
driven  reactions  because  the  catechol  oxidase  does  not 
‘survive  the  purification  procedures  for  the  MAP  proteins 
and  there  are  no  functionalities  present  on  the  surface 
to  allow  hydrogen  bonding  interactions.  However,  at  an 
elevated  pH  of  8  ( approximately  that  of  sea  water  and  the 
pH  during  adsoiption)  the  catechol  functionality  on  the 
l-DOPA  can  undergo  a  spontaneous  reverse  dismutation 
to  the  o-quinone  that  is  capable  of  interacting  through  a 
quinhydrone  charge-transfer  complex,  illustrated  in  Fig. 
5.  The  PS  surface  that  displays  an  aromatic  functionality 
would  inhibit  this  MAP-MAP  interaction  because  of  the 
ability  of  PS  to  undergo  pi -pi  overlap  interactions  with 
the  aromatic  functionality  of  PS  and  the  aromatic  side 


chains  of  the  MAP.  The  resulting  surface  topography  after 
MAP  adsorption  to  PS  reveals  homogeneous,  repeating 
structures  that  would  suggest  this  type  of  MAP-surface 
interaction.  Furthermore,  the  dimensions  of  these  features 
on  the  PS  surface  are  representative  of  individual  MeFP- 
1  and  MeFP-2  molecules  (21).  In  order  to  maximize  the 
pi-pi  interactions  with  the  surface,  the  MAP  will  orient 
the  aromatic  side  chains  facing  the  polymer  surface.  This 
reasoning  is  supported  by  the  decreasing  nitrogen  compo¬ 
sition  with  depth  in  the  XPS  data.  Since  there  are  no 
energetically  favorable  MAP  interactions  with  the  POMA 
surface,  the  catecholic  functional  groups  of  the  adsorbed 
protein  are  free  to  interact  with  each  other  and  form 
charge-transfer  complexes,  as  shown  in  Fig.  5.  In  this  case 
the  adsorption  of  the  protein  on  a  surface  that  appears  to 
have  no  favorably  energetic  mechanisms  for  interactions 
is  most  likely  driven  by  van  der  Waals  forces,  arising 
from  the  cross-linked  protein  with  the  surface.  This  results 
iii  the  aggregated  protein  structures  and  the  apparent  linear 
order  of  the  protein  shown  in  the  AFM  images  on  this 
polymer  surface.  Furthermore,  the  smaller  linear  features 
on  the  POMA  surface  are  representative  of  cross-linked 
MeFP-1  and  McFP-2  on  the  surface  (21).  The  larger, 
fibrous  structures  on  the  POMA  could  arise  from  aggre¬ 
gated  or  cross-linked  MAP.  In  either  case,  the  AFM  im¬ 
ages  suggest  that  the  differences  in  surface  chemistry  on 
these  two  polymer  surfaces  strongly  influence  protein  ad¬ 
sorption.  Recent  images  obtained  under  fully  hydrated 
conditions  by  AFM  in  Tapping  Mode  suggest  that  dehy¬ 
dration  is  not  responsible  for  the  gross  differences  ob¬ 
served  by  MAP  on  these  surfaces. 

When  MAP  adsorption  to  PS  and  POMA  was  evaluated 
under  hydrating  conditions  by  ATR-FTIR.  spectral  differ¬ 
ences  further  suggested  different  protein  interactions  with 
the  chemically  distinct  polymers.  Differences  in  IR  spectral 
features  in  the  amide  III  region  of  proteins  have  been  attrib¬ 
uted  to  differences  in  secondary  structure  (14-16).  Al¬ 
though  it  is  difficult  to  make  specific  assignments  unless  the 
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FIG.  4.  ATR-FTIR  spectra  of  adsorbed  MAP  to  PS  (a)  and  POMA 
(b).  Roman  numerals  indicate  spectral  features  discussed  in  the  text,  (c) 
Tune  course  of  adsorption  (60  min)  and  rinse  (60  min)  followed  by  the 
wa  of  the  amide  11  band  (iii).  Open  circles  represent  PS  and  closed  circles 


proteins  consist  entirely  of  one  domain,  differences  observed 
in  this  amide  III  region  (1200-1300  cm'')  do  indicate  a 
difference  in  the  hydrogen  bonding  pattern  between  the  am¬ 
ide  linkages  of  MAP  on  the  PS  and  POMA  surface.  There¬ 
fore,  the  IR  results  are  consistent  with  the  XPS  and  AFM 
data  which  indicate  that  MAP  organization  and/or  orienta¬ 
tion  are  different  on  the  PS  and  POMA  surfaces.  Of  the 
three  methodologies  used,  ATR-FTIR  has  the  least  spatial 
resolution.  Since  these  spectral  differences  represent  an  aver¬ 
age  over  the  entire  IRE  surface  (approx.  2.5  cm^)  it  is  un¬ 
likely  that  the  phenomenon  is  confined  to  a  small  region  of 
the  surface. 

The  bands  centered  at  1 150  and  1083  cm"'  may  originate 
from  residues  whose  repetitive  motif  results  in  resonance 


summation  at  particular  frequencies,  making  them  visible 
above  the  background.  An  attempt  to  identify  these  bands 
as  arising  from  specific  residues  by  comparison  with  ATR- 
FTIR  spectra  of  aqueous  solutions  of  various  compounds 
has  so  far  been  unsuccessful.  Nevertheless,  there  is  a  resem¬ 
blance  between  the  contrasting  spectral  features  which  ap¬ 
pear  for  MAP  on  PS  and  POMA  and  those  reported  for 
adsorption  of  the  blood  plasma  protein,  fibronectin,  on  a 
series  of  functionalized  polyurethanes  (15).  Notably,  differ¬ 
ences  were  observed  in  the  amide  III  and  I  regions,  and  a 
band  appeared  to  varying  degrees  in  the  1720-1740  cm"' 
region.  The  latter  band  arises  from  the  carbonyl  group  and 
appears  when  a  carboxylate  functionality  is  protonated  (i.e., 
salt  to  acid  form)  (22).  For  fibronectin,  the  appearance  of 
this  band  was  most  prominent  for  the  polyuretlianes  having 
the  most  hydrophobic  functionalities.  It  was  hypothesized 
that  the  acidic  residues  of  the  adsorbed  protein  entered  a 
region  of  low  dielectric  constant  proximal  to  the  hydrophobic 
surface,  shifting  the  equilibrium  toward  the  protonated  form. 
The  MAP  protein  MeFP-2  is  rich  in  acidic  residues  and  it 
is  speculated  that  it  may  mediate  bridging  between  MeFP- 
1  (21 ).  It  is  possible  that  the  highly  interconnecting  pattern 
observed  in  the  AFM  images  of  MAP  adsorbed  to  POMA 
results  from  this  crosslinking  reaction  of  MeFP-1  with 
MeFP-2. 

Some  degree  of  caution  is  necessary  in  interpreting  the 
spectral  features  in  the  region  from  12(X)  to  13(X)  cm"'  as 
arising  purely  from  the  amide  III  resonance  frequencies. 
Both  l-DOPA  and  tyrosine  exhibit  bands  in  this  region.  In 
fact,  the  band  at  approximately  1250  cm"'  has  been  pre¬ 
viously  attributed  to  the  l-DOPA  residues  (18, 23).  There¬ 
fore,  the  differences  in  this  region  for  MAP  on  PS  and 
POMA  may  indicate  differences  in  the  interaction  between 
these  residues  and  the  polymer  functional  groups.  These 
differences  in  protein-surface  interactions  between  an  aro¬ 
matic  surface  (PS)  and  an  aliphatic  surface  (POMA)  are 
also  indicated  by  the  contrasting  shape  of  the  bands  centered 
at  1150  and  1083  cm"'. 

The  research  presented  here  demonstrates  that  the  func¬ 
tional  groups  that  are  present  on  the  PS  and  POMA  poly¬ 
mer  surfaces  will  influence  MAP- MAP  and  MAP-sur- 
face  interactions.  The  XPS,  AFM,  and  ATR-FTIR  data 
demonstrates  that  differences  in  surface  interactions  can 
be  correlated  through  these  complementary  analytical 
techniques. 
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The  adsorption  of  mussel  adhesive  protein  (MAP)  from  the  marine  mussel  Mytilus  edulis  has  been 
investigated  on  polyst3nrene  (PS)  and  poly(octadecyl  methacrylate)  (POMA)  surfaces  using  angle  dependent 
X-ray  photoelectron  spectroscopy  (XPS)  and  atomic  force  microscopy  (AFM).  AFM  im^es  previously 
published  in  the  dehydrated  state  using  contact  mode  are  compared  with  images  acquired  in  the  hydrated 
state  using  fluid  Tapping  Mode  to  assess  the  contribution  that  hydration  has  on  the  architecture  of  the 
adsorbed  proteins.  To  further  characterize  the  adsorbed  protein  layer,  XPS  analysis  was  performed  at 
liquid  nitrogen  (LNa)  temperature  without  dehydrating  the  samples  and  at  room  temperature  after  the 
si^aces  were  dehydrated.  The  differences  observed  upon  dehydration  can  be  attributed  to  the  strength 
of  the  interactions  between  MAP  and  the  two  surfaces.  The  AFM  ahd  XPS  data  indicate  that  adsor^d 
MAP  is  stabilized  on  the  siurface  of  the  PS  through  interactions  that  prevent  the  protein  layer  from  being 
disrupted  upon  dehydration.  The  adsorbed  MAP  on  the  POMA  surface  is  representative  of  a  loosely  botmd 
protein  layer  that  becomes  highly  perturbed  upon  dehydration. 


Introduction 

The  marine  mussel,  Mytilus  edulis,  produces  a  series 
of  adhesive  proteins  that  allow  the  organism  to  attach  to 
a  variety  of  smfaces  in  an  imderwater  environment.  ^  These 
proteins  serve  to  support  and  bind  components  of  the 
adhesive  holdfast  composed  of  byssal  threads.^*^  The 
ability  of  M,  edulis  to  form  a  tenacious  adhesive  bond 
rapidly  at  a  solid-liquid  interface  entails  more  than  just 
depositing  these  proteins  on  the  surface.  Before  adhering 
to  a  surface,  the  mussel  foot  first  explores  and  then  scrubs 
the  prospective  surface  by  cavitation.  Phenolic  proteins 
and  collagen  are  then  injected  into  the  already  cavitated 
mussel  foot  by  phenol  and  collagen  glands,  forming  the 
plaque  that  is  attached  to  the  surface.^ 

Despite  the  complexities  involved,  attempts  to  fabricate 
a  biomimetic  version  of  the  mussel  adhesive  proteins 
(MAP)  adhesive  are  tmderway.  MAP  has  seen  recent 
interest  in  the  biomedical  community  as  a  tissue  adhesive. 
MAP  has  been  studied  for  its  ability  to  fix  chondrocyte 
allografts  internally.®’®  The  protein  has  also  been  used  in 
experimental  epikeroplasty  in  laboratory  animals,  and 
as  an  adhesive  agent  to  increase  cellular  attachment  to 
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substrata.'^*®  Recent  studies  have  also  indicated  that  MAP 
enhances  the  attachment  of  osteoblasts  and  epiphyseal 
cartilage  cells  to  substrata.®  However,  commercial  uses 
for  MAP  have  been  limited  due  to  the  lack  of  understanding 
of  how  these  proteins  function  as  an  adhesive.  The 
practical  application  of  MAP  as  a  biocompatible  adhesive 
has  not  yet  been  realized,  as  the  a^ual  anchoring 
mechanism  is  poorly  understood.  Despite  MAPs  tenacious 
adhesive  action  in  the  natural  environment,  this  function 
has  not  been  duplicated  with  the  purified  proteins. 

The  byssal  threads  of  M,  edulis  are  comprised  of  a 
collagenous  matrix  that  is  bound  with  a  series  of  phenolic 
proteins.  There  have  been  four  proteins  identified  in  the 
byssal  threads  that  are  thought  to  serve  these  structural 
and  adhesive  functions;  M,  edulis  foot  proteins  (MeFP), 
1, 2, 3,  and  4,  collectively  termed  mussel  adhesive  proteins 
(MAP).  It  has  been  suggested  that  MeFP-1  serves  as  one 
of  the  initial  adhesive  components  as  well  as  a  protective 
varnish  on  the  surface  of  the  byssal  thread. MeFP-1 
is  a  130  kDa  protein  consisting  of  highly  conserved 
tandemly  repeated  decapeptide  sequences.^  MeFP-1  has 
extensive  hydroj^rlation  of  tyrosine  to  3,4-dihydrox3rphen- 
yl-Lralanine  (l-DOPA)  and  of  proline  to  hydroxyproline. 
This  protein  is  one  of  the  first  proteins  described  to  contain 
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DOPA  in  its  primary  sequence  and  is  one  of  the  few 
proteins  found  in  nature  that  contains  hydroxjrprolines 
in  noncollagenous  sequences.^^  The  j^-tum  structure, 
imparted  by  the  hydroxyprolines,  contributes  a  slight 
circular  dichroism  to  the  protein.  MeFP-1  has  no  other 
secondary  structure. 

It  is  believed  that  MeFP-2  serves  a  structural  function, 
binding  the  collagen  fibers  within  the  byssal  threads. 
MeFP-2  is  a  42-47  kDa  protein  consisting  of  at  least  three 
repeating  motifs.^®  In  contrast  to  MeFP-1,  MeFP-2 
contains  6-7  mol  %  of  the  disulfide  containing  amino  acid 
cystine,  indicating  considerable  secondary  structure.  A 
similar  foot  protein,  MgFP-2,  from  the  closely  related 
mussel  Mytilusgalloprovincialis  has  been  shown  to  harbor 
internal  repeats  that  display  a  high  degree  of  homology 
with  epidermal  growth  factors.^^  MeFP-3  is  thought  to 
play  a  role  as  an  initial  surface  primer,  and  the  function 
of  MeFP-4  is  still  uncertain. 

Although  the  biochemistry  of  the  adhesive  plaque  has 
been  extensively  and  elegantly  characterized,  relatively 
little  work  has  been  done  to  characterize  the  molecular 
interactions  between  components  and  surfaces. A 
greater  understanding  of  how  MAP  binds  to  surfaces  is 
essential  in  developing  MAP  as  a  useful  adhesive.  To 
effectively  understand  the  complex  series  of  interactions 
that  occurs  with  these  proteins,  it  is  necessary  to 
characterize  the  role  that  each  plays  in  the  development 
of  the  adhesive  bond.  For  this  study,  two  components  of 
MAP  have  been  selected  in  an  effort  to  define  the  protein - 
surface  and  protein— protein  interactions  that  mediate 
the  adhesive  interactions.  Once  these  interactions  are 
defined,  the  other  components  of  the  natural  adhesive 
can  be  investigated  in  light  of  these  results. 

The  goal  of  this  study  was  to  investigate  the  adsorption 
of  MeFP-1  and  MeFP-2  (MAP1-2)  to  polystyrene  (PS)  and 
poly(octadecyl  methacrylate)  (POMA)  surfaces  in  the 
hydrated  state  using  cold  probe  techniques  in  variable 
angle  X-ray  photoelectron  spectroscopy  (5Q^S)  and  atomic 
force  microscopy  (AFM)  using  fluid  Tapping  Mode.  The 
adsorption  of  MAPi~2  is  interpreted  in  light  of  the  known 
surface  chemistry  of  PS  and  POMA  and  the  known 
biochemistry  of  MAPi.-2-  Surfaces  were  also  dehydrated 
at  room  temperature  and  analyzed  using  variable  angle 
XPS  to  assess  the  contribution  that  hydration  has  on  the 
adsorbed  protein  layer.  XPS  was  used  to  quantify  the 
elemental  composition  with  depth  of  the  adsorbed  protein, 
and  AFM  was  used  to  provide  information  about  the 
architecture  of  the  adsorbed  protein  film  on  the  polymer 
surfaces. 

Materials  and  Methods 

Adsorbates,  Solvents,  and  Substrates.  MAP1-2  used  in 
this  study  consists  of  two  of  the  M.  edulis  foot  proteins,  (MeFP-1 
and  -2).  Purified  MAP1-2  from  M.  edulis  was  obtained  from 
Swedish  Bioscience  Laboratory  (Floda,  Sweden)  and  stored 
desiccated  at  -40  ®C.  The  amino  acid  composition  according  to 
the  supplier  is  (per  1000  residues)  sis  follows:  83  Asp,  74  Thr, 
97  Ser,  64  Glu,  69  Pro,  132  Gly,  68  Ala,  60  Val,  26  He,  29  Leu. 


(13)  Waite,  J.  H.;  Tanzer,  M.  L.  Biochem.  Biopkys.  Res.  Commun. 
1980,  96  (4),  1554-1561. 

(14)  Taylor,  S.  W.;  Roas,  M.  M.;  Shabanowitz,  J.;  Himt,  D.  F.;  Waite, 
J.  H.  J.  Am.  Chem.  Soc.  1994,  116,  10803-10804. 

(16)  Williams,  T.;  Marumo,  K.;  Waite,  J.  H.;  Henkena,  R.  W,  Arch. 
Biochem.  Biophys.  1989,  269,  416. 

(16)  Rzepecki,  L.  M.;  Hansen,  K.  M.;  Waite,  J.  H.  Biol.  Bull.  1992, 
183  123—137. 

(17)  Inoue,  K.;  Takeuchi,  Y.;  Miki,  D.;  Odo,  S.  J.  Biol.  Chem.  1995, 
270  (12),  6698-6701. 

(18)  Baty,  A.  M.;  Sud,  P.  A.;  Tyler,  B.  J.;  Geeaey,  G.  G.  J.  Coll.  Int. 
Sci.  1996,  177,  307-316. 

(19)  Sud,  P.  A.;  Geeaey,  G.  G.  J.  Colloid  Interface  Sci.  1995,  172, 
347-467. 


30  Tyr,  12  Phe,  27  His,  115  Lys,  41  Arg,  41  Hyp.  and  70  3,4- 
dihydroxy-L-phenylalanine  (DOPA).  Acetic  acid-urea  polyacryl¬ 
amide  gel  electrophoresis  (PAGE)  indicated  that  the  preparation 
consisted  of  approximately  80%  of  the  two  DOPA-containing 
proteins:  Me^-1  and  MeFP-2  in  equal  quantities. The  rest 
of  the  mixture  (20%)  is  comprised  of  lower  molecular  weight 
coUagenic  material.  The  protocol  for  the  PAGE  was  performed 
using  previously  described  methods,  and  the  identification  of 
MeFP-1  (130  kDa)  and  MeFP-2  (45  kDa)  was  made  according  to 
previously  published  results.^ 

Pure  polystyrene  (PS)  (Aldrich  Secondary  Standard)  and  poly- 
(octadecyl  methacrylate)  (POMA)  (Aldrich)  were  dissolved  in 
toluene  for  spin  casting.  PS  was  prepared  as  a  1.6%  w/v  solution 
in  toluene.  TOMA  was  prepared  as  a  1.6%  v/v  solution  in  toluene. 
Bulk  PS  substrata  were  obtained  firom  Plaskolite  Inc.  (Columbus, 
OH).  All  solvents,  methanol,  hexanes,  and  toluene  (Aldrich), 
were  obtained  as  HPLC  grade. 

Preparation  of  Pol3rmer  Surfaces.  PS  and  POMA  polymer 
films  were  spin  cast  onto  1  cm  x  1  cm  PS  fragments  for  all  XPS 
and  AFM  studies.  PS  substrata  were  cleaned  prior  to  spin  casting 
by  a  solvent  rinse,  for  6  min  each,  in  methanol  and  hexanes.^^ 
Clean  PS  substrata  were  completely  covered  with  2,0  mL  of 
polymer  solution  and  then  immediately  were  spin  cast  at  3600 
rpm  for  2  min.  The  polymer  films  were  dried  at  room  temperature 
for  24  h. 

The  underlying  PS  substrata  contained  trace  constituents 
(<1%  Zn,  <2%  Si,  and  <2%  O)  that  distinguished  it  from  the 
pure,  spin  cast  PS  and  TOMA  obtained  from  Aldrich.  These 
trace  contaminants  were  used  as  indicators  to  determine  purity 
and  homogeneity  of  the  spin  cast  polymer  films.  XPS  and  time- 
of-flight  secondary  ion  mass  spectrometry  of  the  spin  cast  polymer 
films  indicated  that  the  films  were  continuous  (i.e.,  no  contami¬ 
nants  from  the  underl3ring  polymer  substratum  were  detected 
through  the  spin  cast  films).  Given  the  limitations  of  variable 
angle  XPS,  an  exact  film  thickness  is  difficult  to  determine. 
However,  it  is  possible  to  calculate  an  estimated  film  thickness 
by  calctilating  ^e  inelastic  mean  free  path  and  subsequently  the 
escape  depth  of  the  photoelectrons.  For  both  the  PS  and  POMA 
surfaces  the  Zn,  Si,  and  O  impurities  in  the  underlying  PS 
substrata  were  used  to  gauge  ffim  thickness.  The  estimated 
film  thickness  of  these  spin  cast  films  is  approximately  10-20 
nm. 

Protein  Adsorption  Protocol.  All  protein  films  were 
deposited  onto  freshly  prepared  polymer  surfaces  that  had 
undergone  a  24  h  drying  period.  A  stock  solution  of  1  mg/mL  of 
MAPi~2  was  prepared  in  dilute  HCl  (pH  2,9)  with  deionized, 
double-distiU^  water,  deaerated  with  N2.  The  stock  solution 
was  maintained  at  pH  2.9  to  prevent  catechol  oxidation  to  quinone 
that  occurs  above  pH  8.6.  T^e  stock  solution  was  stored  at  6  ®C. 
The  polymer-coated  substrata  were  placed  in  glass  cells  with 
entrance-  and  exit-tubing  ports  to  allow  for  protein  adsorption 
and  subsequent  rinse  without  exposure  to  the  air.  All  glassware 
used  was  cleaned  with  “piranha”  solution,  consisting  of  a  70:30 
mix  ofconcentratedH2S04  and  30%  H2O2,  respectively.  [WAIT¬ 
ING:  Piranha  solution  reacts  violently,  even  explosively  with 
organic  materials.]^ 

For  the  XPS  studies,  a  60  pL  aliquot  of  the  stock  solution  was 
delivered  into  the  glass  cell  cont€uning  the  substratum,  followed 
immediately  by  a  0.95  mL  aliquot  of  a  pH  9.2  solution  (Millipore 
water  ac^usted  with  NaOH).  The  fined  concentration  of  protein 
was  60  pg/mL  at  pH  8.6.  At  this  pH  quinone  formation  from 
catechols  is  favored.  After  1  h,  the  substratum  was  rinsed  of  any 
residual  protein  by  flowing  an  aqueous  solution  at  pH  8.6 
(Millipore  water  adjusted  with  NaOH)  through  the  reaction 
chamber  at  a  rate  of  100  ml^min  for  1,6  min. 

For  the  hydrated  AFM  studies,  a  much  lower  protein  con¬ 
centration  was  used  to  ensure  submonolayer  coverage  on  the 
substratum,  so  that  the  spatial  distribution  of  the  nucleation 
events  could  be  resolved.  For  these  experiments  a  2  ^L  aliquot 
of  the  1  mg/mL  stock  MAP1-2  solution  was  diluted  in  ^^1.0  mL 
of  deionized  double-distilled  water  at  pH  2.9  to  make  a  solution 
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that  was  2  /<g/mL  of  BiAPi-2.  A  26  gL  aliquot  of  this  solution  was 
then  delivered  into  the  flow  cell  along  with  <^1.0  mL  of  a  dilute 
NaOH  solution  at  pH  9.2,  bringing  the  concentration  of  MAP1-2 
to  25  ng/mL  and  the  pH  to  8.5.  After  1  h,  the  substratum  was 
rinsed  of  any  residual  protein  by  flowing  an  aqueous  solution  at 
pH  8.5  (Millipore  water  adjusted  with  NaOH)  through  the 
reaction  chamber  at  a  rate  of  100  mL/min  for  1.5  min. 

Siirfoce  Characterization 

Angle-Resolved  X-ray  Photoelectron  Spectros¬ 
copy.  Since  protein  adhesion  to  surfaces  occurs  in  an 
aqueous  environment,  any  reliable  chemical  analysis  of 
the  structure  of  the  adsorbed  proteins  must  be  performed 
in  the  hydrated  state.  Therefore,  cryostage  sample- 
handling  tedmiques  must  be  employ^  during&e  analysis 
of  a  hydrated  surfoce  in  ultrahigh  vacuum  in  an  effort  to 
preserve  the  adsorbed  species  in  their  hydrated  state.  A 
hydrated  surface  can  be  frozen  at  liquid  nitrogen  (LN2) 
temperatures  and  loaded  onto  a  cold  stage  where  the 
sample  can  be  kept  at  LN2  temperatures  during  analy- 
sis.^*^  The  structure  of  the  adsorbed  molecules  at  the 
surface  are  preserved  at  LN2  temperature. 

XPS  spectra  were  obtained  with  a  Physical  Electronics 
instrument  Model  5600  spectrometer  (Physical  Electron¬ 
ics,  Eden  Prairie,  MN).  A  5  e V  flood  gun  was  used  to 
offset  charge  accumulation  on  the  samples.  An  800  ^m 
diameter  area  was  analyzed  using  a  monochromatized  A1 
KaX-ray  source  at  350  W  and  a  pass  energy  of 11.750  eV. 
For  cold  probe  analysis,  wet  surfaces  were  removed  from 
the  glass  cell  after  protein  adsorption,  rinsed,  and  mounted 
in  the  sample  int^uction  chamber.  The  chamber  was 
quickly  purged  with  nitrogen,  and  the  sample  was 
immediately  brou^t  into  contact  with  a  liquid  nitrogen 
cold  fingerbefore  the  sample  could  dehydrate.  Thesample 
remained  in  contact  with  the  cold  Anger  for  30  min, 
followed  by  immediate  sample  transfer  to  the  cold  stage 
in  the  analyticcd  diamber.  Most  of  the  ice  that  formed  on 
the  surface  when  the  sample  was  frozen  qxiickly  sublimed 
in  the  high-vacuum  environment  of  the  introduction 
chamber,  leaving  residual  frozen  water  aroimd  the  ad¬ 
sorbed  protein  molecules.  The  cold  stage  was  maintained 
at  “120  ®C  during  analysis.  Samples  that  were  dehy¬ 
drated  at  room  temperature  were  removed  from  the  final 
rinse  and  dried  under  an  atmosphere  of  pure,  diy  N2  in 
the  sample  introduction  chamber  of  the  Before  the 

variable  angle  study  was  conducted,  an  initial  SO""  (near 
normal)  high-resolution  spectrum  was  collected.  Depth 
profiles  were  performed  using  variable  angle  XPS  data 
collected  at  take-off  angles  of  16°,  22°,  35°,  and  80°  from 
the  surface.  The  elemental  compositions  at  the  initial 
80°  survey  were  compared  with  the  final  80°  angle  study 
to  ensure  no  X-ray  damage  of  the  surface  had  occurred 
diming  analysis.  An  abundance  of  carbon,  nitrogen,  and 
oxygen  was  calculated  from  high-resolution  Ci.,  Nu,  and 
Ola  peak  areas  by  fitting  the  data  with  Gaussian  functions. 
The  binding  energy  scale  was  referenced  by  setting  the 
CH,  peak  maximum  in  the  Ci,  spectrum  to  285.0  eV.^® 

The  relative  atomic  concentrations  at  the  different  take¬ 
off  angles  were  used  with  the  calculated  escape  depths  of 
the  photoelectrons  for  each  angle  to  gain  insight  on  the 
elemental  depth  distribution  of  the  proteins  adsorbed  to 
the  polymer  surfaces.  The  escape  depths  were  calculated 
using  parameters  for  organic  compounds  to  calculate  the 
inelastic  mean  free  paths  and  subsequently  the  escape 
depths  using  equations  previously  defined.*® 
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Atomic  Force  Rficroscopy  Imaging.  In  order  to 
image  hydrated  biolo^cal  molecules  on  a  surface  using 
AFM,  a  mode  of  operation  called  fluid  Tapping  Mode  was 
used.  In  fluid  Tapping  Mode  the  AFM  cantilever  is 
oscillated  vertically  at  a  set  high  frequency  during  x-y 
raster  scanning.*^  As  the  probe  tip  contacts  the  si^ace, 
its  oscillations  are  dampened.  Since  the  tip  only  inter¬ 
mittently  ‘^ps”  the  surface,  this  mode  of  operation  is 
characterized  by  overall  weak  tip“sample  interactions. 
This  allows  minimal  disturbance  of  the  adsoibed  molecules 
during  imaging. 

All  surfaces  were  imaged  using  a  Bioscope  AFM  (Digital 
Instruments,  Inc.,  Santa  Barbara,  CA).  The  instrument 
was  used  in  fluid  Tapping  Mode  using  thin-legged, 
triangular,  microfabricated  silicon  nitride  cantilevers 
whidi  were  100  pm  in  length,  with  nominal  spring 
constants  of  0.38  N/m  and  integrated  pyramidal  tips.  The 
samples  were  attached  to  the  fluid  cell  using  a  cyano¬ 
acrylate  adhesive  and  dried  in  a  laminar  flow  hood.  The 
images  were  recorded  as  1  pm  x  1  pm  and  2  ^m  x  2;im 
scan  areas  with  612  x  612  data  points/scan  area.  Images 
were  recorded  at  scan  rates  of  0.8-6.1  pm/s.  Scan  rates 
were  optimized  to  minimize  hysteresis  between  the 
forward  and  return  traces  of  the  probe.  All  images  were 
stable  with  time  and  reproducible.  For  analysis,  images 
were  low-pass  filtered,  flattened  to  remove  sample  ^t, 
and  planefit  to  remove  sample  bow  arising  firom  hysteresis 
in  the  piezocrystal. 

Results 

Atomic  Force  Microscopy  Imaging.  MAP1-2  ad¬ 
sorbed  to  dean  PS  and  POMA  fix)m  solutions  with  bulk 
protein  concentrations  of  25  ng/mL  were  imaged  in  fluid 
Tapping  Mode  using  AFM.  Figures  la  and  lb  show  AFM 
3-D  su^ce  images  of  1  pm  x  1  pm  areas  of  the  PS  and 
POMA  substrata  before  MAP1-2  adsorption.  Before 
MAPi-2  adsorption,  the  PS  and  POMA  surfaces  are 
extremely  smooth  with  few  surface  features  and  root- 
mean-square  (rms)  surface  roughness  values  of  0.52  ± 
0.13 nm and  1.06 ± 0.08 nm, respectively.  Figure2shows 
AFM  3-D  surface  images  of  1  pm  x  1  ^m  areas  of  PS  and 
POMA  substrata  after  MAPi~2  adsorption.  Adsorption  of 
MAP1.-2  to  the  PS  surface  resulted  in  the  formation  of 
closely  packed,  repeating  structures  as  shown  in  Figure 
2a.  Cross-sectional  analysis  of  these  features  revealed  a 
near  monolayer  structure,  making  it  difficult  to  dif¬ 
ferentiate  between  acUoining  protein  structures.  •  The 
heights  of  these  features  are  less  than  1  nm.  MAP1-.2 
adsorbed  to  the  POMA  surface  displays  very  different 
protein  features  that  appear  to  be  linearly  ordered  as 
revealed  in  the  1  pm  x  1  pm  scan  area  in  Figure  2b.  An 
additional  scan  performed  at  a  right  angle  to  the  first 
showed  these  features  to  rotate  90°,  indicating  that  the 
linear  features  observed  were  not  an  artifact  of  the  AFM 
probe  tip  rastering  across  the  surface.  Cross-sectional 
analysis  reveals  that  these  features  have  an  average  hei^t 
of  6.0  ±  0.7  nm  with  lateral  dimensions  of  67  ±  17  nm 
(minor  axis)  and  177  ±  26  nm  (major  axis). 

The  2  pm  x  2  pm  scan  area  of  MAP  adsorbed  to  PS, 
shown  in  Figure  3a,  reveals  that  the  features  observed  at 
high  magnffication  cover  larger  areas  of  the  surface, 
suggesting  that  the  surfaces  are  homogeneous  and  have 
continuous  protein  coverage.  The  2  pm  x  2  pm  scan  area 
of  MAPi-2  adsorbed  to  POMA,  shown  in  Figure  3b,  shows 
that  the  protein  features  on  POMA  are  also  very  homo- 


(26)  Seah,  M.  P.;  Dench,  W.  A  Surf.  Interface  Anal.  1979, 1, 2—11. 

(27)  Drake,  B.;  Prater,  C.  B.;  Weisenhom,  A  L.;  Gould,  S.  A  C.; 
Albrecht,  T.  R.;  Quate,  C.  F.;  Cannell,  D.  S.;  Hansma,  H.  G.;  Hansma, 
P.  K  Science  1989, 243  (4898),  1686-1689. 
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Figure  2,  Fluid  Tapping  Mode  AFM  surface  images  of  1  ^im 

Figure  1.  Fluid  Tapping  Mode  AFM  surface  images  of  1  |<m  x  1  ^m  area  of  MAP1-2  adsorbed  to  PS  (a)  and  POMA  (b). 

X  1  fzm  area  of  PS  (a)  and  POMA  (b)  before  protein  adsorption. 


geneous.  However,  there  appears  to  be  larger  protein 
domains  covering  the  surface,  which  might  suggest 
extensive  aggregation  of  the  adsorbed  protein.  These 
features  extend  6.2  ±  1.7  nm  in  height  with  lateral 
dimensions  of  173  ±  35  nm  (minor  axis),  with  mayor  axis 


transition  in  the  aromatic  rings  of  the  polystyrene.  There 
is  no  detectable  7c-7t*  Ci,  component  of  MAPi-2-  Even 
though  these  proteins  have  considerable  aromatic  char¬ 
acter,  their  pi-electron  systems  are  not  dense  enough  to 
form  an  observable  peak.  The  Cu  component  at  288.0- 
288.8  eV  arises  from  the  N-C—0  and  0-C— 0  function- 


values  extending  up  to  760  nm. 

Angle-Resolved  X-ray  Photoelectron  Spectros¬ 
copy.  Angle  dependent  XPS,  performed  at  room  temper¬ 
ature  and  LN2  temperature,  of  the  surfaces  studied  in 
Figures  1, 2,  and  3  reveals  fr^her  differences  in  MAP  1-2 
adsorption  to  PS  and  POMA  surfaces.  A  detailed  exami¬ 
nation  of  the  Cit  region  of  clean  PS  and  POMA  at  a  30° 
take-off  angle  and  at  LN2  temperature  is  shown  in  Figure 
4.  MAPi-2  adsorbed  to  PS  at  take-off  angles  of  80°  and 
22°  at  LN2  temperature  and  at  22°  at  room  temperature 
are  given  in  Figure  5.  MAP1-2  adsorbed  to  POMA  at  a 
takeoff  angle  of  80°  and  22°  at  LN2  temperature  and  at 
22°  at  room  temperature  are  given  in  Figure  6.  Each 
peak  component  under  these  Ci,  regions  represents 
different  carbon  bonds.  The  Ci,  component  at  a  binding 
energy  of  291.0-291.6  eV  is  attributed  to  the  Tt-n* 


alities  on  the  protein  and  the  methacrylate  chain,  re¬ 
spectively.  The  Cu  component  at  a  binding  energy  of 
286.2-287.0  eV  is  attributed  to  the  C-N  and  C-0 
functionalities  in  the  protein  and  the  C-O-C  functionality 
of  the  POMA.  The  dominant  Cu  component  in  both  sets 
of  spectra  is  at  285.0  eV.  This  peak  originates  from  the 
aliphatic  carbon  in  both  the  polymers  and  the  protein. 

The  Cu  region  of  MAPi_2  adsorbed  to  PS,  at  L1N2 
temperature  at  a  take-off  angle  of  80°  (Figure  5a),  reveals 
a  decrease  in  the  aliphatic  component  at  285.0  eV  and  an 
increase  in  the  286.2  and  288.2  eV  Cu  components  when 
compared  to  clean  PS  (Figure  4a).  This  indicates  MAPi~2 
contribution  to  the  Cii  region.  At  a  take-off  angle  of  22° 
at  LN2  temperature  (Figure  5b),  there  is  a  shift  in  the  Cu 
component  at  286.2  eV  toward  286.8  when  compared  to 
the  spectrum  collected  at  80°.  This  peak  shift  suggests 
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Figure  3.  Fluid  Tapping  Mode  AFM  surface  images  of  2  fim 
X  2  fim  area  of  MAPi-g  adsorbed  to  PS  (a)  and  POMA  (b). 


an  increase  in  the  signal  from  the  C-0  functionalities,  as 
opposed  to  the  C-N  functionalities,  that  are  present  on 
the  protein.  There  is  more  sample  charging  at  the  lower 
take-off  angles  on  the  surfaces  analyzed  at  LNa  temper¬ 
ature.  This  can  be  seen  in  the  broader  peak  components 
in  both  sets  ofspectra  obtained  at  LN2.  However,  charging 
does  not  account  for  the  peak  shift  observed  between  286.2 
and  286.8  eV  since  not  all  of  the  peak  components  are 
shifted.  There  is  also  an  increase  in  the  intensity  of  the 
286.8  and  288.2  eV  Cu  components,  as  compared  to  the 
spectrum  at  80^,  indicating  that  at  the  angle  approaching 
glancing,  the  signal  from  the  PS  is  decreasing  while  that 
of  the  adsorbed  protein  is  increasing.  The  Cu  region  of 
MAFi~2  adsorbed  to  PS  and  dehydrated  at  room  temper¬ 
ature  (Figure  5c)  shows  an  increase  in  the  291.6  eV  Cu 
component  that  is  attributed  to  the  transition  of  the 

aromatic  rings  of  the  PS.  There  is  also  a  decrease  in  the 
peak  area  of  the  286.8  and  288.1  eV  components  from  the 
adsorbed  protein,  as  compared  to  the  surfaces  analyzed 
at  1^2  temperature.  This  indicates  that  PS  is  contributing 
to  the  spectra  more  when  the  surface  is  analyzed  after 
dehydration  at  room  temperature  than  when  the  surface 


Figure  4.  Ci«  XPS  spectra  of  clean  PS  (a)  and  POMA  (b)  at 
take-off  angles  of  30®  at  LN2  temperature. 

is  analyzed  at  LN2  temperatxire.  Furthermore,  a  peak  at 
289.0  eV  (acid  or  ester  functionality)  appears  in  the  spectra 
upon  dehydration.  This  functionality  is  not  part  of  the 
MAPi_2  or  the  underlying  PS  substrata.  It  is  imclear 
whether  this  species  is  present  in  the  MAP1-2  mixture 
and  migrated  to  the  surfaces  upon  dehydration  or  adsorbed 
to  the  siuface  during  dehydration. 

The  Cl,  region  of  MAP1-2  adsorbed  to  POMA,  at  LN2 
temperature  at  a  take-off  angle  of  80®  (Figure  6a),  reveals 
a  shift  in  the  Cu  component  at  286.7  and  288.8  eV  (clean 
POMA)  toward  286.1  and  288.3  eV,  respectively.  This  is 
a  result  of  an  increase  in  the  signal  from  the  C-N 
functionalities  that  are  present  from  the  adsorbed  protein. 
There  is  also  a  decrease  in  the  aliphatic  component  at 
285.0  eV  and  an  increase  in  the  286.1  and  288.3  eV  Cu 
components  when  compared  to  those  of  clean  POMA 
(Figure  4b).  This  also  indicates  MAP1-2  contribution  to 
the  Cu  region.  At  a  take-off  angle  of  22°  at  LN2 
temperature  (Figure  6b),  there  is  a  shift  in  the  286.1  and 
288.3  eV  components  back  to  286.7  and  288.8  eV, 
respectively.  This  could  be  a  result  of  an  increase  in  the 
signal  from  the  C— O  functionalities  that  are  present  from 
the  adsorbed  protein.  However,  there  is  no  significant 
increase  in  the  area  of  the  peaks  which  are  attributed  to 
the  protein.  The  fact  that  the  AFM  images  show  homo¬ 
geneous  coverage  and  there  is  no  significant  difference  in 
these  peak  areas  at  the  two  different  take-off  angles 
.  suggest  that  the  adsorbed  protein  layer  on  the  POMA  is 
much  less  densely  packed  than  on  the  PS  surface,  where 
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Figure  6.  Ci.  XPS  spectra  of  MAP1-2  adsorbed  to  PS  at  80® 
(a)  and  22°  (b)  takeoff  angles  at  LN2  temperature  and  at  22° 
take-off  angles  (c)  at  room  temperature. 


Binding  Energy 


Figure  6.  Cii  XPS  spectra  of  MAP1-2  adsorbed  to  POMA  at 
80°  (a)  and  22°  (b)  take-off  angles  at  LN2  temperature  and  at 
22°  take-oflf  angles  (c)  at  room  temperature. 


the  signal  intensity  at  the  22°  take-off  angle  (LN2)  appears 
to  be  contributed  primarily  by  MAP1-2.  However,  these 
data  are  difficult  to  interpret  due  to  the  insufficient 
knowledge,  to  date,  concerning  the  analyses  of  biological 
surfaces  at  LN2  temperature  using  XPS.  The  Ci,  region 
of  MAP  adsorbed  to  POMA  and  dehydrated  at  room 
temperature  (Figure  6c)  shows  a  decrease  in  the  286.6 
and  288.5  eV  components  and  is  approaching  a  pure  POMA 
spectrum.  This  indicates  that  more  of  the  POMA  is 
contributing  to  the  spectra  when  the  surface  is  dehydrated 
at  room  temperature  than  when  it  is  at  LN2  temperature 
during  analysis.  It  was  also  observed  that  at  LN2 
temperature  the  high-resolution  Ci,  peak  components 
were  broader  than  the  same  spectra  taken  at  room 
temperature.  This  might  be  attributed  to  less  efficient 
charge  compensation  at  LN2  temperatures  at  the  lower 
take-off  angles.  How  this  would  affect  signal  intensity  is 
currently  unknown. 

Figure  7  shows  a  plot  of  the  atomic  concentration  of 
MAPi-2  adsorbed  to  PS  (Figure  7a)  and  POMA  (Fig^ure 


7b)  at  take-off  angles  of  80°,  36°,  22°,  and  15°,  corre- 
^nding  to  sampling  depths  of  84.3, 49.1, 32.1,  and  22.2 
A,  respectively.  The  atomic  concentrations  when  analyses 
were  performed  at  LN2  temperature  and  when  the  samples 
were  dehydrated  at  room  temperature  are  shown.  At  all 
depths,  on  both  PS  and  POMA  exposed  to  MAP1-2,  the 
atomic  concentration  of  nitrogen  and  oxygen  was  lower 
when  the  samples  were  dehydrated  and  analyzed  at  room 
temperature  as  compared  to  the  surfaces  analyzed  at  LN2 
temperature.  This  suggests  that  more  of  the  substratum 
is  contributing  to  the  spectra  upon  dehydration  of  the 
adsorbed  MAPi-2t  which  decreases  the  relative  signed 
intensity  of  the  adsorbed  MAP1-2.  When  MAP1-2  adsorbed 
to  PS  was  analyzed  at  LN2  temperatxire  and  room 
temperature,  the  surface  dehydrated  at  room  temperature 
experienced  an  average  2.6%  loss  in  nitrogen  and  a  1.9% 
loss  in  oxygen.  Furthermore,  the  atomic  concentrations 
for  MAPi-2  adsorbed  to  PS,  when  analyzed  at  LN2  and 
room  temperature  after  dehydration  converge  at  the  80° 
take-off  angle.  This  indicates  that  the  same  amount  of 
protein  is  being  sampled  on  the  surface  at  the  80°  take-off 
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Sampling  Depth  (Angstroms) 


Figure  ?•  Summary  of  angle-resolved  XPS  data  of  MAP1-2 
adsorbed  to  PS  (top)  and  POMA  (bottom)  at  LN2  temperature 
(solid  line)  and  room  temperature  (broken  line). 

angle  regardless  of  whether  water  is  present.  In  contrast, 
when  MAPi^2  adsorbed  to  POMA  was  analyzed  at  LN2 
temperature  and  at  room  temperature  after  dehydration, 
the  surface  experienced  a  loss  of  nitrogen  and  oxygen  upon 
dehydration  of  3.9%  and  7.2%,  respectively.  Furthermore, 
the  atomic  concentrations  for  the  L1N2  and  room  temper¬ 
ature  studies  do  not  converge  at  the  80°  take-off  angle  for 
MAPi-2  adsorbed  to  POMA.  This  suggests  that  upon  the 
removal  of  water  the  protein  architecture  is  more  per¬ 
turbed  on  the  POMA  surface  than  on  the  PS  surface. 

Discussion 

The  study  of  the  adsorption  behavior  of  proteins  has 
primarily  been  focused  on  globular  proteins.  Theories 
concerning  the  adsorption  process  of  globular  proteins  have 
stressed  the  imporUmce  of  structural  rearrangements, 
electrostatic  interactions,  and  the  displacement  of  inter¬ 
facial  water  as  the  processes  of  primary  importance.^”^ 


(28)  Haynes,  C.  A,  SUwinsky,  E.,  Norde,  W.  J  Colloid  Interface  ScL 
19M  164  394—409. 

(29)  Ball,  R.  A;  Jones,  R.  A  L.  Langmuir  1995, 11,  3542-3548. 

(30)  Haynes,  C.  A;  Norde,  W.  J,  Colloid  Interface  ScL  1995,  169, 
313-328. 


However,  specific  functional  group  chemistiy  is  not 
generally  discussed  as  a  contributing  factor  in  adsorption. 
The  results  presented  here  indicate  that  the  adsorption 
behavior  of  MAP1-2  is  influenced  by  both  functional  group 
chemistiy  and  the  displacement  of  ordered  water  from 
the  interface.  The  relative  contribution  of  these  two  factors 
depends  upon  the  surface  chemical  properties  of  the 
substratum.  The  data  indicate  that  protein-surface  as 
well  as  protein-protein  interactions,  with  specific  func¬ 
tional  groups  on  MAPi-2»  play  significant  roles  in  driving 
adsorption  to  polymer  surfaces  that  display  different 
chemical  properties.  This  is  consistent  with  MAPi-2*s  role 
as  a  component  of  a  multifunctional  adhesive  used  by  M. 
edulis. 

The  MAPi-2-surface  interactions  that  are  available  in 
the  polymer-protein  system  studied  here  are  constrained 
by  ^e  surface  chemi<^  properties  of  PS  and  POMA  as 
well  as  the  aqueous  environment.  PS  provides  a  hydro- 
phobic  surface  with  an  aromatic  character  and  a  medium 
surface  free  energy  (88°  water  contact  angle).  Possible 
interactions  that  could  occur  on  this  surface  would  be  a 
jr-;r  overlap  between  the  DOPA  residues  in  MAP1-2  and 
the  aromatic  rings  of  PS  and  cation-jr  interactions 
between  the  protonated  amines  of  the  lysines  and  the 
jr-face  of  the  styrene  rings.  In  contrast,  the  POMA  surface 
provides  a  hydrophobic  low-energy  smface  (104°  water 
contact  angle)  with  an  aliphatic  functionality.  Interactions 
with  specific  functional  groups  are  not  likely  to  occur 
between  MAP1-2  and  a  POMA  surface  because  there  are 
no  functional  groups  on  POMA  that  wovQd  mediate  such 
interactions.  Interactions  involving  the  ester  fimction- 
alities  of  POMA  are  sterically  hindered  by  the  Gis 
hydrocarbon  chains  and  are  unavailable  for  interactions 
with  MAPi-2,  as  indicated  by  the  high  water  contact  angle. 

We  have  previously  presented  AFM  images  of  MAP1-2 
adsorbed  to  PS  and  POMA  after  dehydration  at  room 
temperature.^®  Comparison  with  the  present  images 
obtained  under  hydrated  conditions  reveals  that  the 
architecture  of  the  adsorbed  protein  on  both  PS  and  POMA 
surfaces  is  perturbed  as  a  result  of  dehydration.  The 
instability  of  MAP1-2  adsorbed  to  the  POMA  surface, 
following  dehydration,  is  reflected  by  the  increased  relief 
of  the  protein  film  and  the  lateral  displacement  and 
aggregation  of  the  proteins  on  the  surface,  as  semi  in  the 
aSm  images  (previously  published).  In  contrast  to  the 
POMA  surtace,  the  stability  of  MAP1-2  adsoihed  to  the 
PS  surface  is  not  as  dependent  on  the  presence  of  water. 
Although  MAPi-2  adsorbed  to  PS  gains  relief  as  a  result 
of  dehydration,  it  does  not  undergo  lateral  displacement 
or  aggregation.  These  results  suggest  that  the  presence 
of  water  is  not  as  important  in  stabilizing  the  interactions 
between  MAP1-2  and  PS  as  between  MAP1-2  and  POMA 

XPS  data  also  revealed  that  hydration  played  a  sig¬ 
nificant  role  in  MAPi_2“8urface  interactions  on  both  PS 
and  POMA  The  increase  in  relief  of  the  protein  film  on 
both  surfaces  is  due  to  the  collapse  of  the  protdn  matrix 
upon  removal  of  water  by  dehydration.  This  results  in 
greater  signal  intensity  from  the  underlying  subetratum 
for  both  PS  and  POMA  This  is  reflected  in  the  reduced 
atomic  concentration  of  the  protein,  as  indicated  by 
nitrogen  and  oxygen,  when  surfaces  were  dehydrated  and 
analyzed  at  room  temperature  as  compared  to  analysis  at 
LN2  temperature.  The  XPS  evidence  that  delqfdration 
resulted  in  a  greater  decrease  in  atomic  concentration  of 
MAPi-2  on  POMA  than  on  PS  supports  the  AFM  obser¬ 
vation  that  POMA  permitted  more  lateral  surface  dis¬ 
placement  of  MAP  than  PS.  The  reorientation  rfMAPi-2 
on  POMA  as  a  result  of  dehydration  was  sufficient  to  cause 
shifts  in  atomic  concentrations  of  MAP1-.2  at  allXPS  take¬ 
off  angles  used  in  these  studies.  Dehydration-induced 
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shifts  in  atomic  concentration  were  only  observed  at  the 
shallower  sampling  depths  on  PS.  The  lateral  displace¬ 
ment  and  reorientation  on  the  POMA  surface  upon 
dehydration  reflect  the  instability  of  the  MAPi-2“POMA 
interaction  in  the  absence  of  water  and  reveal,  again,  the 
importance  of  specific  functional  group  interactions  in 
stabilizing  protein  adsorption  to  the  PS  surface. 

It  is  hypothesized  here  that  the  aromatic  residues  of 
MAPi~2  are  not  involved  in  adsorption  on  the  POMA 
surface,  and  therefore,  are  free  to  interact  with  other 
functional  groups  within  MAPi~2-  There  are  several 
interactions  that  have  been  proposed  to  play  important 
roles  in  protein-protein  interactions  on  the  basis  of  the 
chemistry  of  MAP1-2,  including  hydrogen  bonding,  metal- 
ligand  complexes,  the  formation  of  Michael-type  addition 
compounds  derived  fiom  o-quinones,  and  charge  transfer 
complexes.^  Recently,  cation-;r  interactions  have  also 
been  shown  to  occur  with  high-binding  enthalpies  in 
systems  containing  cations  and  aromatic  rings.®^  In  the 
system  studied  here  three  of  these  interactions  could  be 
responsible  for  the  protein-protein  interactions  in  MAP1-2* 
hydrogen  bonding,  charge  transfer  interactions  between 
the  aromatic  residues  of  MAPi-2,  and  cation-;r  interac¬ 
tions.  Charge  transfer  interactions  are  promoted  at  an 
elevated  pH,  above  8.6  (the  pH  during  adsorption).  At 
this  pH  the  catechol  fiinctionality  on  the  DOPA  can 
imdergo  a  spontaneous  reverse  dismutation  to  the  o- 
quinone  that  is  capable  of  interacting  through  a  quinhy- 
drone  charge  transfer  complex  that  is  stabilized  by  n-n 
overlap  interactions.  Cation— jt  interactions  can  be  con¬ 
sidered  an  electrostatic  interaction  between  the  protonated 
amines  of  the  lysines  and  the  jr-face  of  the  aromatic  amino 
acids  in  the  protein.  Michael-type  additions  between  the 
protonated  amines  of  the  lysines  and  the  quinones  have 
not  been  shown  to  occur  spontaneously  with  these  proteins. 
However,  there  is  a  catechol  oxidase  found  in  the  natural 
adhesive  holdfast  that  catalyzes  the  oxidation  of  catachols 
to  quinones  which  is  believed  to  promote  this  cross-linking 
reaction.  The  possibility  of  Uiis  type  of  cross-linking 
occurring  in  the  system  described  here  is  unlikely  since 
the  enzyme  is  not  present.  Thus,  the  charge  transfer 
complex  that  is  stabilized  by  7t—7t  overlap  interactions 
and  cation— jr  interactions  are  the  most  likely  candidates 
for  causing  the  aggregation  of  MAP1-2  on  the  POMA 
surface.  Evidence  for  this  behavior  was  demonstrated  by 
AFM  and  is  shown  schematically  in  Figure  8. 

In  the  case  of  MAP1-2  adsorption  to  POMA,  water  likely 
provides  the  driving  force  for  adsorption  through  the 
displacement  of  interfacial  water.  For  human  blood 
plasma  albumin  and  bovine  pancreas  ribonuclease  ad¬ 
sorption  to  PS,  it  has  been  shown  that  in  the  absence  of 
dominant  enthalpic  interactions  between  specific  groups 
of  the  surface  and  the  protein,  the  proteins  affect  the 
overall  adsorption  by  dehydrating  or  displacing  water  finm 
the  surface.^2  On  a  surface  like  the  POMA  surface  this 
type  of  interaction  would  be  the  dominant  protein— surface 
interaction.  Such  adsorption  increases  the  entropy  of  the 
system  providing  the  driving  force  for  adsorption.  This 
type  of  protein-surface  interaction  results  in  a  tenaciously 
bound  protein  layer  with  no  specific  fiinctional  group 
interactions  between  the  surface  and  the  adsorbed  MAP1-2, 
as  long  as  the  driving  force  provided  by  the  surrounding 
aqueous  environment  is  present.  Thus,  aggregation  of 
the  adsorbed  protein  is  favored  by  the  lack  of  potential 
interactions  between  the  protein  and  the  substratum. 


:e- 

ed 


£  (31)  Dougherty,  D.  A.  Science  1996,  271,  163—167. 

a  (32)  Norde,  W.,  Lyklema,  J.  J.  Colloid  Interface  Sci  1979,  71, 350- 
I  366. 


When  MAPi_2  is  adsorbed  on  PS,  aggregation  is  not 
observed,  rather  individual,  tightly  packed  structures 
resembling  individual  protein  molecules  project  from  the 
surface.  Since  the  PS  surface  has  considerable  aromatic 
character,  the  adsorbed  MAP1-2  may  interact  with  the 
aromatic  rings  of  PS  through  ;r-;r  overlap  interactions 
and  cation-:T  interactions  further  strengthening  the 
interaction  with  the  substratum  and  reducing  the  likeli¬ 
hood  of  protein -protein  interactions,  as  shown  in  Figure 
8.  The  adsorption  of  a  series  of  aromatic  compounds  has 
been  previously  studied,  and  it  was  found  that  the 
orientation  of  the  adsorbed  aromatic  domains  followed 
several  rules.^  In  the  absence  of  chemisorbable  functional 
groups  that  interfere  with  the  aromatic  framework,  and 
in  the  absence  of  bulky  electronegative  constituents  on 
the  aromatic  framework,  the  o-quinones  were  found  to 
adsorb  parallel  to  the  surface  when  n-n  overlap  interac¬ 
tions  were  involved  in  adsorption.  Likewise,  the  DOPA 
residues  in  MAP1-2  may  orient  themselves  parallel  to  the 
aromatic  rings  of  PS  to  facilitate  n-n  overlap  interactions. 
The  protonated  amines  of  the  lysines  may  also  interact 
with  the  jr-face  of  the  styrene  rings  through  cation-;r 
interactions,  and  they  may  interact  with  the  aromatic 
amino  acids  of  MAP1-2  to  facilitate  protein-protein 
interactions.  In  the  case  of  MAP1-2  adsorption  to  PS,  water 
may  provide  the  initial  driving  force  for  adsorption  through 
the  displacement  of  interfacial  water,  but  binding  is  then 
reinforced  through  these  specific  functional  group  inter¬ 
actions  between  the  proteins  and  the  surface.  It  should 
also  be  noted  that  at  the  lower  take-off  angles  at  LN2 
temperature,  charge  buildup  on  these  insulating  surfaces 
may  not  have  been  sufficiently  compensated.  The  extent 
to  which  uncompensated  charge  buildup  on  the  surface 
and/or  the  presence  of  frozen  water  affects  signal  intensity 
is  uncertain  and  remains  to  be  determined.  Furthermore, 
it  is  currently  uncertain  what  the  concentrations  of  Mefp-1 
and  Mefp-2  are  on  the  surface,  A  study  that  has  yet  to 
be  undertaken  is  a  set  of  solution  depletion  experiments 
to  measure  the  amount  of  protein  adsorbed  to  the  surface 
by  measuring  the  residual  left  in  the  bulk.  This  may 
provide  further  insight  into  the  differences  between 
adsorption  of  MAP1-2  on  these  polymer  surfaces. 

Conclusions 

The  LN2  temperature  XPS  analysis  and  hydrated  AFM 
images  demonstrate  that  differences  in  substratum  chem¬ 
istry  will  influence  protein  adsorption.  The  data  support 
the  hypothesis  that  interactions  requiring  the  presence 
of  water  are  more  important  in  stabilizing  MAP1-2  films 
on  POMA  than  on  PS.  Interactions  between  specific 
functioned  groups  on  MAP1-2  and  PS,  possibly  involving 
n-7i  overlap  between  DOPA  residues  of  MAP1-2  and  the 
aromatic  rings  of  PS  and  cation -;r  interactions  between 
the  protonated  amines  of  lysine  and  the  jr-face  of  the 
8t3rrene  rings  stabilize  MAPi_2  films  on  this  substratum 
during  dehydration.  These  results  offer  insight  into  the 
types  of  molecular  interactions  that  control  surface 
adsorption  of  biological  molecules  in  aqueous  environ¬ 
ments.  This  research  also  shows  that  when  MAP1-2  is 
subjected  to  dehydration  on  a  surface,  changes  in  the 
structure  of  the  adsorbed  protein  film  can  be  detected  by 
XPS  and  AFM,  demonstrating  the  role  of  water  in 
stabilizing  interactions  that  mediate  MAP  1-2  adsorption 
to  PS  and  POMA  surfaces.  However,  the  magnitude  of 
the  change  depends  on  what  types  of  interactions  mediate 
protein  adsorption  to  the  surface.  From  the  present  study 
it  appears  that  irreversible  protein  adsorption  involving 


(33)  Soriaga,  M.  P.,  Hubbard,  A  T.  J.  Am.  Chem.  Soc,  1982,  104, 
2735-2742. 


5710  Langmuir,  VoL  13,  No,  21,  1997 


Baty  et  al 


Hydrated  MAP  Adsorption 


Figure  8.  Schematic  representation  of  the  AFM  images  observed  as  related  to  the  mechanisms  available  for  adsorption:  a  = 
qui^ydrone  charge  transfer  complex,  b  =  7t-n  overlap  interactions,  c  =  cation-jr  interactions,  *  =  protein-surface  interactions 
(hydorgen-bonding  interactions  not  shovm). 


specific  fiinctional  group  interactions  will  experience  much 
less  disruption  upon  dehydration  than  interactions  that 
only  require  the  presence  of  water  as  the  driving  force  for 
adsorption. 
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ABSTRACT 

The  build-up  of  biotm  communities  on  surfaces  exposed  to  fresh  and  marine  water  can  have 
leletenous  effects  and  is  termed  biofouling.  It  results  in  billions  of  dollars  annual  damage  and/or 
degraded  performance  to  pipes,  ships  and  other  structures.  Bacteria  are  believed  to  initiate 
aiofoulmg  and  mamtam  a  crucial  role  in  macrobiotic  colonization.  It  is  because  the  pelagic 
region  (mid  ocean)  is  so  limited  in  nutrients  that  bacteria  have  developed  “ingenious”  survival 
s  ra  egies  to  colonize  immersed  surfaces  which  provide  enhanced  nutrition.  They  adhere  under 
very  adverse  conditions.  Biofouling  bacteria  are  among  the  oldest  forms  of  life  on  this  planet.  A 

key  to  controlling  fouling  and  on  obtaining  marine  coatings  and  cements  is  to  understand  how 
tnese  bactena  adhere. 


t  IS  widely  held  that  bactena  behave  like  charged  colloidal  particles  when  approaching  a  surface 
and  must  pass  through  a  repulsive  boundary.  They  synthesize  a  variety  of  adhesive  tethers  for 
this  purpose  (adhesins).  This  report  reviews  the  complicated  and  costly  biofouling  processes  and 
focuses  on  the  complex  polysaccharide  capsules  that  function  as  adhesins  of  a  group  of  pioneer 

fouling  bactena  (//yp/iomonaj  jpp.).  ° 


INTRODUCTION 

Microbial  Adhesion  and  Biofouling 
Biofouling  and  succession  of  colonizing  organisms 

Clean  surfaces  quickly  become  coated  with  biotic  communities  when  immersed  in  seawater 
1  here  IS  an  ordered  sequence  for  such  colonization.  Initially,  the  substratum  becomes  coated  by 
organic  matter  (Lis  and  Sharon,  1986).  Then  pioneer  bacteria,  normally  oligotrophic  (low 

hours  (Coipe,  1973;  Marshall  et  al.,  1971).  Pioneer  bacteria  are  ciucial  in  initiating  the 
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development  of  the  subsequent  complex  biotic  community  and  their  initial  attachment  is  a  key 
step  in  the  whole  process.  The  survival  strategy  of  these  pioneer  adherent  bacteria  is  to 
“bioform”  the  oligotrophic  constraints  of  the  pelagic  region  (requiring  active  heterotrophs  to 
adapt  a  K  survival  mode),  to  a  richer  nutrient  niche  permitting  the  r-survival  mode.  The 
modified  nutrient  rich  surface  now  becomes  available  for  colonization  by  many  different  species. 

Diatoms,  fungi,  protozoans,  micro-algae  and  other  microorganisms  attach  to  the  surface, 
forming  what  is  termed  the  primary  slime  layer  (Skerman,  1956).  However  the  resulting  blofilm 
(immobilized  cells  at  a  substratum  in  an  organic  polymer  matrix),  when  formed  on  man-made 
structures,  may  cause  corrosion  deterioration  and  promote  increased  fluid  frictional  resistance 
resulting  in  energy  losses  and  reduced  system  performance.  Furthermore,  this  primary  microbial 
colonization  is  often  a  prerequisite  for  the  final  stage  of  succession  in  which  large  organisms, 
viz.,  invertebrates,  attach  and  grow  on  the  surface  (Crisp  and  Ryland,  1960;  Zobell  and  Allen, 
1935)(biofouling),  further  deteriorating  system  performance  and  often  integrity.  For  example  it 
was  reported  that  corrosion  alone  has  cost  the  US  economy  $167  billion  (US  Dept  of  Commerce, 
1986)  with  corrosion  prevention  over  $100  billion  (Wall  Street  J.,  1991)  annually. 

Physicochemistry  of  bacterial  adhesion 

Several  related  theories  govern  the  probability  of  bacterial  attachment  to  a  substratum  in  aqueous 
environments  (Marshall,  1988).  Each  states  that  the  adhesion  of  microorganisms  to  surfaces  is 
influenced  by  long-range,  short-range,  and  hydrodynamic  forces.  The  DLVO  (letters  after  first 
initials  of  last  names  of  its  proposers)  theory  assumes  that  Interaction  between  two  objects  is 
comprised  of  an  attractive  component,  governed  by  Van  der  Waals  forces,  and  a  potential 
repulsive  component  due  to  overlap  of  electrical  double  layers  associated  with  charged  groups 
(Loeb,  1985).  These  yield  two  distances  at  which  a  particle  may  be  attracted  to  the  substratum. 
At  a  primary  minimum  (ca  Inm),  attractive  forces  are  strong;  at  the  secondary  rninimum  (ca  15 
nm),  forces  are  weaker.  These  distances  are  divided  by  an  intermediate  repulsion  barrier. 
Microorganisms  may  accumulate  at  the  secondary  minimum  and  much  of  the  strategy  in  surface 
colonization  is  concerned  with  remaining  at  the  secondary  minimum  and  overcoming  the 
repulsive  barrier  to  reach  the  primary  minimum  (Okuyawa  et  al.,  1980).  Microorganisms 
synthesize  a  variety  of  tethers  for  this  purpose.  All  have  narrow  diameter  and  sufficient  length  to 
minimize  and  "break  through"  the  repulsive  layer  (Costerton  et  al.,  1985).  Such  structures  have 
been  reported  (Costerton  et  al.,  1985)  to  include  long  fibular,  capsular  polysaccharide  (CP),  pill 
and  flagella,  each  of  which  could  form  an  adhesive  bridge  minimizing  electrostatic  repulsion 
(Hammond  et  al.,  1984). 

A  second,  Stem,  theory  predicts  that  there  will  be  a  net  charge  distribution  at  any  solid  surface 
and  that  as  a  consequence,  counter  ions  are  held  closely  at  the  surface  forming  a  Stem  layer  while 
the  rest  of  the  ions  are  less  restricted  forming  a  diffuse  ionic  zone  (Loeb,  1985).  This  model, 
probably  less  applicable  in  a  marine  habitat,  also  predicts  a  double  layer  of  attractive  domains 
sandwiching  a  repulsive  barrier  and  would  require  similar  structures  to  function  as  tethers  as 
would  the  DLVO  model.  The  thermodynamic  model  considers  adhesion  equilibria  in  terms  of 
system  free  energy  (Marshall,  1985)  with  zones  of  attraction  and  repulsion  approximately  those 
of  the  other  models. 


-374- 


w 


Once  the  bacteria  are  attached  to  the  surface,  multiple  events  can  transpire  to  carry  it  to  the 
^  primary  minimum  at  which  multiple  bonds  of  a  more  permanent  nature  may  be  formed  between 
the  organism  and  substratum.  This  attachment  is  generally  considered  to  involve  hydrophobic 
bonds  of  outer  membrane  components  of  Gram  negative  bacteria  or  more  likely  capsular 
~  extracellular  polymers  which  form  the  cement-like  biofilm.  The  roles  of  bacterial  capsules  (see 
f  below)  in  this  process  have  been  discussed  with  the  conclusion  that  "much  more  information  is 
^  required"  (Christensen,  1989;  Marshall,  1985). 

T  Adhesins 

.7:  The  term  adhesin  was  originally  coined  to  denote  specific  bonding  molecules  to  receptors  on  cell 
£  surfaces  (Ofek  et  al.,  1985).  In  this  paper,  biopol3mers  that  mediate  non-specific  adhesion  on 
marine  surfaces  are  also  referred  to  as  adhesins.  As  noted  above,  adhesins  include  proteinaceous 
;;  flagella,  fimbriae  (Swanson  et  al.,  1985)  and  capsular  extracellular  polymeric  substances  (EPS), 

-  possibly  the  capsular  polysaccharide  (CP)  component.  EPS  is  a  focus  of  this  report  (see  below). 
Hyphomonas  MHS-3,  Caulobacter  crescentus,  Seliberia  stellata  (Hood  and  Schmidt,  1996)  and 

^  Asticcacaulis  biprosthecum  are  bacteria  that  make  extracellular  polymer  holdfast  (localized 
^  “sticky”  capsule)  and  fimbriae  at  the  same  pole  (Merker  and  Smit,  1988;  Ong  et  al.,  1990).  A 

-  lectin  domain  on  some  fimbriae  adheres  them  to  specific  cell  surface  carbohydrates.  They  may 

-  -  also  attach  nonspecifically  to  inanimate  surfaces:  i.e.  since  many  fimbriae  have  a  low  pi  and  are 

relatively  hydrophobic,  they  may  adhere  via  salt  bridges  or  hydrophobic  bonds. 

Capsular  Extracellular  Polymeric  Substances  (EPS) 

-  Capsules  normally  surround  bacteria  external  to  the  envelope  but  can  also  be  more  localized  as  in 
..  a  holdfast.  Many  are  pure  polysaccharide  (CP;  capsular  polysaccharide)  while  a  few  covalently 

or  otherwise  bind  a  protein  (Wrangstadh  et  al.,  1990)  and/or  fatty  acid  residues  (Sar  and 
Rosenberg,  1988).  Consequently,  unless  the  capsule  is  known  to  be  composed  of  pure 
polysaccharide  (CP),  the  term  capsular  extracellular  polymeric  substances  (EPS)  is  used. 

Bacterial  surface  polysaccharides  have  considerable  heterogeneity,  from  the  simple  a  1-4  linked, 
unbranched  glucose  polymers  called  dextrans,  to  the  highly  complex,  branched,  and  substituted 
heteropolysaccharides  made  up  of  oligosaccharide  repeating  subunits  such  as  xanthan  and 
colanic  acid  (Christensen  et  al.,  1985).  CP  can  also  be  substituted  with  pyruvate,  acetate, 
formate,  sulfate,  phosphate  and  other  groups  (Jann  and  Westphal,  1975).  Two  identical  sugars 
can  bond  to  form  1 1  different  disaccharides  whereas  two  identical  amino  acids  can  form  only  one 
dipeptide.  Additionally,  CP  contain  a  wide  variety  of  sugars,  (Bhattacharjee  et  al.,  1984). 
furthermore,  the  non-carbohydrate  side  groups  that  are  found  in'  bacterial  CP  adds  to  their 
heterogeneity  that,  as  a  consequence  of  all  of  these  considerations,  far  exceeds  that  of  proteins 
(Sutherland,  1982). 

Investigations  for  Model  Fouling  Bacteria 

fouling  films  are  comprised  of  complex  multispecies  communities  and  a  number  of  species  are 
considered  to  be  primary  colonizers.  Among  these  Hyphomonas  serves  as  an  excellent  model  to 
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define  the  specific  roles  of  the  extracellular  polymeric  substances  (EPS)  in  marine  biofouling 
processes  because:  1)  it  participates  in  both  early  colonization  of  surfaces  and  subsequent  biofilm 
development;  2)  it  elaborates  proteinaceous  fimbriae  and  capsular  polysaccharides  at  times 
coincident  with  cell  attachment  to  surfaces;  3)  synthesis  of  both  EPS  structures  are  temporally 
and  polarly  regulated;  4)  EPS«deficient  progeny  (rad  strain)  are  "spontaneously”  produced  (at  a 
rate  of  10'*®  for  Hyphomonas  isolate  MHS-3);  5)  "footprints"  (see  below)  of  Hyphomonas  spp. 
left  behind  on  a  previously  colonized  surface  can  be  detected  and  chemically  characterized. 

Nearly  all  underwater  marine  surfaces  are  colonized;  all  support  heterogenous  populations;  no 
one  species  appears  to  be  the  "linchpin”  of  the  process;  and  not  all  species  are  found  in  diverse 
habitats.  Hyphomonas  is  important  not  only  as  a  model,  but  in  nature  as  well  (Baier  et  al.,  1983; 
Railkin,  1994).  It  is  hypothesized  that  Hyphomonas  swarmer  cells  are  chemotactically  attracted 
to  both  uncolonized  conditioning  films  and  biofilm  on  marine  substrata  by  the  concentration  of 
amino  acids  there.  This  triggers  its  differentiation  into  reproductive  cells  that  synthesize 
adhesin(s).  While  adhesion  science  is  still  rather  empirical  (Strausberg  and  Link,  1990),  it  may 
be  speculated  that  EPS  or  (and?)  fimbriae  (in  the  case  of  strain  MHS-3)  would  tether  the  cell  at 
the  secondary  minimum.  Given  the  luxury  of  time,  enough  cells  would  penetrate  to  the  primary 
minimum  where  EPS  would  partition  out  of  the  water  column  and  onto  the  solid  substratum, 
forming  hydrogen  bonds,  not  with  water  but  with  the  surface.  This  process  would  continue 
resulting  in  a  buildup  of  biofilm  which  becomes  a  sink  for  nutrients  and  begins  to  attract  a 
constantly  increasing  menagerie  of  other  pelagic  voyagers. 

Life  Cycle  and  Morphogenesis  of  Hyphomonas 

Hyphomonas,  like  other  prosthecate,  budding  bacteria,  has  a  biphasic  life  cycle  (Wali  et  al.;  Fig. 
1)  The  progeny,  swarmer  cell,  is  dispersive  (motile)  by  means  of  a  single  flagellum.  It  can 
chemotactically  sense  favorable  areas  such  as  nutrient  rich  surfaces,  sometimes  nearby;  but  it 
also  has  the  capability  to  form  distant  colonies,  because  it  is  well  adapted  to  survive  in  the 
oligotrophic  pelagic  zone  (Emala  and  Weiner,  1983).  It  has  a  low  metabolic  rate  (Emala  and 
Weiner,  1983),  polyhydroxybutyrate  storage  reserves,  and  is  microspherical  (0.4pm  diameter),  all 
properties  of  deep  sea  survival  cells  (Morita,  1985).  The  prosthecate  reproductive  stage  is 
morphologically  and  physiologically  equipped  to  establish,  maintain,  and  survive  in  marine 
biofilms.  The  prosthecate  form  is  larger  than  the  swarmer  cell  (the  main  body  being  a  prolate 
spheroid  l-2pm  long,  with  a  prosthecum  l-2pm  long,  0.2pm  wide). 

As  the  prosthecum  emerges  from  one  pole,  a  "holdfast”  has  been  reported  to  be  synthesized  from 
the  other  (Moore,  1981).  A  polar  adhesin  arrangement  would  allow  the  stalk  to  extend  toward 
regions  of  richer  nutrient  and  oxygen  level.  Reproductive  budding  at  the  distal  tip  of  the  stalk 
allows  the  progeny  to  either  escape  to  the  water  column  to  establish  a  new  community,  or  to 
settle  nearby  to  extend  the  existing  dommunity.  It  is  interesting  that  the  "holdfast"  survival 
strategy  of  another  genus  of  procaryotes,  Caulobacter,  may  be  an  example  of  converging 
evolution,  with  the  polysaccharide,  however,  synthesized  on  the  opposite  pole  (tip  of  the  stalk)  so 
that  the  reproductive  cell  body  faces  upward,  with  the  stalk  serving  as  the  anchor  (Merker  and 
Smit,  1988). 
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Physiology  of  Hyphomonas 


By  virtue  of  their  specialized  physiologies  as  well  as  morphologies,  motile  swarmer  cells  are  well 
adapted  for  survival  in  the  oligotrophic  water  column,  while  the  periphytic,  prosthecate, 
reproductive  cell  is  suited  to  establish,  maintain,  and  survive  in  marine  biofilms.  For 
heterotrophic  growth  our  laboratory  has  demonstrated  a  functional  Krebs  cycle  (Devine  and 
Weiner,  1990)  and  proteases  (Shi  et  al.,  1989),  showing  that  reproductive  stages,  growing  in 
microbial  films,  use  protein  and  amino  acids  for  energy  (Shi  et  al.,  1988).  It  was  also  shown  that 
"autotrophically  maintained"  Hyphomonas  assimilates  copious  quantities  of  CO2  (Weiner  et  al., 
1997)  growing  with  repeated  transfers  in  water  containing  only  salts,  reduced  sulfur,  and  10% 
CO2.  They  will  not  multiply  without  sulfur  and  C02.  Such  physiological  plasticity  confers 
unusual  ability  for  primary  surface  colonization.  Once  a  biofilm  is  established,  it  would  be 
beneficial  to  switch  to  heterotrophic  metabolism  for  rapid  multiplication  using  the  accumulating 
organic  material  that  may  be  sequestered  by  the  growing  biofilm. 


RECENT  DEVELOPMENTS  AND  DISCUSSION 
Temporal  and  Spatial  Synthesis  of  EPS  Adhesin 

The  precise  timing  of  EPS  synthesis  and  localization  for  both  strains  MHS-3  (Quintero,  1994) 
and  VP-6  (Langille,  1996)  has  been  determined.  Using  monoclonal  antibodies  (Busch,  1993) 
against  Hyphomonas  MHS“3  lipopolysaccharide  (LPS)  as  a  negative  stain  (EPS  would  sterically 
hinder  the  approach  of  the  mAb  to  its  LPS  target)  in  immuno-electron  microscopy,  we 
determined  that  MHS-3  synthesizes  EPS  only  during  its  adherent  (Quintero  and  Weiner,  1995) 
reproductive  stage  and  only  at  the  main  body  of  the  reproductive  cell.  No  EPS  could  be  detected 
on  the  prosthecum.  This  was  also  demonstrated  probing  with  gold-labeled  Bauhinia  purpurea 
lectin  and  thin  sections  of  polycationic  ferritin-stained  cells  (Quintero  and  Weiner,  1995)  (Fig. 
2). 

Purification  (gel  permeation),  lectin  binding  studies  (see  below)  and  fine  structure  micrographs 
revealed  a  very  different  EPS  profile  for  VP-6  than  for  MHS-3.  VP-6  was  recently  been  shown 
to  synthesize  two  different  EPS.  One  (termed  ‘‘capsule”)  surrounds  the  entire  cell,  including  the 
prosthecum  and  the  bud  (Fig.  3),  during  all  developmental  stages;  the  other  is  (termed 
“holdfast”)  is  localized  and  temporal,  being  synthesized  at  one  pole  of  the  reproductive  cell  (Fig. 
4)  and  only  during  the  reproductive  stage  (Fig.  1,  Stages  D-F).  Structure  follows  function  as 
MHS-3  does  not  form  rosettes,  typical  of  the  hyphomicrobia  (i.e.  reproductive  cells  stick  to  one 
another  with  stalks  pointing  outward  in  a  floral  pattern)  while  VP-6  does  form  rosettes.  The 
entire  capsule  of  MHS-3  may  serve  as  holdfast,  structurally  and  functionally.  Since  MHS-3 
produces  more  holdfast  adhesin  than  other  species  it  is  an  important  source  of  this  kind  of 
polymer  which  is  a  potentially  useful  commercial  bioadhesive  or  underwater  coating. 

MHS-3  produces  one  cell  in  lO’®  replications  that  does  not  synthesize  EPS  (rad;  Quintero  and 
Weiner,  1995).  Among  all  Hyphomonas  strains,  empirically  examined,  it  also  produces  the  most 
extensive  and  adhesive  EPS.  One  may  speculate  that  the  rad  variant  may  allow  a  small  number 
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of  reproductive  ceils  to  be  free  of  the  rare  biofilm  subject  to  nutrient  depletion,  toxin  build  up  or 
excessive  predation. 

Purification  and  Physical  Adhesin  Properties 

The  chemical  and  structural  analysis  are  further  along  for  strain  MHS-3  than  for  VP-6.  VP-6 
capsular  EPS  is  pyruvylated;  MHS-3  EPS  is  not  (Quintero  et  al.,  1990).  Crude  EPS  of  MH3 
elutes  in  5  peaks  on  an  analytical  HPLC  column  (6FC  column,  10"^  to  2x10^  size  separation, 
polystyrene-divinylbenzene  packing).  Fraction  two  is  the  adhesin.  The  capsular  EPS  of  VP-6 
has  a  much  larger  molecular  weight  than  that  of  MHS-3  (500,000  MW  to  60,000  MW 
respectively)  and  is  composed  of  much  larger  percentage  of  uronic  acids  (Quintero  et  al.,  1990). 
When  the  purified  EPS  of  MHS-3  is  fractionated  by  gel  permeation  chromatography,  a  single 
peak  is  resolved  which,  remains  homogeneous  after  second  dimension  anion  exchange 
chromatography.  The  peak  is  the  putative  adhesin.  Rad  mutants  do  not  yield  such  polymer.  We 
take  this  to  mean  that  Hyphomonas  MHS-3  capsule,  “holdfast”,  and  EPS  are  one  and  the  same 
(Fig.  2).  No  protein  appears  to  be  tightly  associated  with  this  structure.  On  the  other  hand,  from 
Commassie  blue-stained  SDS-PAGE  VP-6  capsule  putatively  contains  a  tightly  associated 
protein.  The  holdfast  appears  to  be  pure  CP  which  like  other  holdfasts  consists  partly  of  N-acetyl 
galactosamine  (from  lectin  analysis).  This  arrangement  is  similar  to  that  of  S,  stellata  (Hood  and 
Schmidt,  1996)  which  also  may  be  a  primary  colonizer  with  a  biphasic  life  cycle. 

The  Adhesins 

Functionally  (in  adhesion)  there  are  interesting  differences  and  similarities  between  both  strains. 
MHS-3  synthesizes  long,  thin  fimbriae  at  the  same  pole  and  about  the  same  time  as  it  synthesizes 
capsule;  VP-6  does  not  (manusc.  in  prep).  Preliminary  studies  have  been  carried  out  to  evaluate 
the  importance  of  the  proteinaceous  components  in  adhesion  of  prosthecate  bacteria.  Prosthecate 
MHS-3  attach,  even  after  treatment  with  protease,  at  the  pole  where  EPS  is  deposited.  These 
initial  observations  suggest  that  either  proteins  do  not  participate  in  adhesion  of  Hyphomonas 
MHS-3  to  an  inanimate  surface  or  that  they  are  protected  from  or  resistant  to  protease  treatment 
in  the  presence  of  the  CP.  However  no  protein  is  detected  in  the  purified  adhesin  fraction  either. 
VP -6  on  the  other  hand  has  reduced  ability  to  adhere  after  protease  treatment,  from  Coomasie 
blue  stained  gels,  because  of  the  degradation  of  the  capsular  associated  proteins  (manusc.  in 
prep). 

Recent  experiments  in  our  laboratory  support  the  necessity  for  CP  in  the  adhesion  of 
Hyphomonas  MHS-3  to  surfaces.  The  lectin,  Bauhinia  purpurea  (BP A),  specific  for  the  CP 
(Quintero  and  Weiner,  1995),  was  found  to  interfere  with  cell  adhesion  (Quintero  and  Weiner, 
1995).  Furthermore,  the  rad  strain  (CP  deficient)  synthesizes  fimbriae  and  does  not  adhere. 
Thus  it  appears  that  CP  but  not  necessarily  fimbriae  must  be  present  in  order  for  the  adhesive 
process  to  occur.  We  have  also  identified  lectins  specific  for  VP-6  holdfast  (coral  tree)  and 
capsule  (sweet  pea)  and  have  made  monoclonal  antibodies  (mAb)  to  the  capsular  associated 
protein  (Langille,  1996).  In  preliminary  studies  these  specific  reacting  agents  (not  other  lectins  or 
mAb)  appear  to  interfere  with  adhesion  (Langille,  1996). 
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Consistent  with  the  above,  a  preliminary  ATR/FT-IR  investigation  of  the  adsorption  properties  of 
the  crude  exopolysaccharide  fraction  of  VP-6  indicated  that  there  was  protein  present.  By 
contrast,  the  purified  MHS-3  adhesin  was  shown  to  form  amide  bonds  in  footprint  experiments. 
Therefore,  as  in  the  case  of  other  bacteria  with  adhesive  polar  CP  the  adhesive  component  is 
possibly  an  NAG  (putatively  uronic  acid)  moiety. 

Microbial  Footprints 

Detection  of  the  adhesive  molecules  responsible  for  anchoring  bacterial  cells  to  substrata  has 
been  achieved  through  microscopic  observations  of  the  "footprints"  left  on  a  surface  after 
removal  of  the  surface-associated  bacterial  cells  by  one  of  a  variety  of  techniques.  Bacteria, 
removed  by  shear  force  (Marshall  et  al.,  1971),  enzymes  (Paul  and  Jeffrey,  1985)  or 
ultrasonication  (Neu  and  Marshall,  1991),  leave  behind  on  the  substratum  the  polymers  that 
presumably  are  responsible  for  cell  adhesion.  Surface-sensitive,  chemical  analytical  techniques 
such  as  attenuated  total  reflection  infrared  spectrometry  (ATR/FT-ER)  are  ideally  suited  to 
identify  the  types  of  molecules  that  form  the  footprints  (see  Fig.  5).  The  nature,  and  types  of 
adhesive  bonds  are  revealed.  Thus,  a  chemical  analysis  of  the  footprints  represents  a  powerful 
approach  to  identifying  and  characterizing  microbial  adhesins. 


Time-of-flight  secondary  ion  mass  spectrometry  (ToF-SIMS)  is  a  new  surface-sensitive, 
chemical  analytical  technique  (Niehuis  et  al.,  1989)  that  developed  out  of  static  secondary  ion 
mass  spectrometry  (S-SIMS)(Fig.  5).  ToF-SIMS  provides  chemical  information  on  chain 
branching,  cross-linking  and  conformation  of  polymers  in  the  adsorbed  state  and  has  the  added 
advanmge  of  high  spatial  resolution  to  investigate  the  chemistry  of  a  small  area  containing  a 
footprint.  ToF-SIMS  provides  a  spatially-resolved  mass  spectrum  of  the  molecules  located 
within  the  top  10-20  angstroms  of  a  surface  (Meyer  et  al.,  1992).  Spatial  resolution  ranges  from 
0.2  mm- 1 2  mm  and  detection  limits  are  on  the  order  of  ppm  to  ppb.  Furthermore,  if  the  primary 
ion  flux  is  maintained  at  £10  atoms/cm",  organic  material  such  as  the  adhesive  compounds  of 
interest  here  can  be  characterized  from  the  fragmentation  pattern  generated  from  the  mass 
spectrum.  To  date,  ToF-SIMS  has  been  used  to  conduct  microanalysis  of  membrane  surfaces, 
molecular  microanalysis  in  soft  tissue,  microanalysis  of  peptide  diffusion  in  polymer  and 
patterned  arrays  (Shamberger  et  al.,  1996).  This  new  instrumentation  is,  thus,  ideally  suited  to 
elucidate  the  chemical  identity  of  the  constituents  of  microbial  footprints,  and  hence,  the 
adhesive  molecules  excreted  by  surface  fouling  microorganisms. 

Commercial  Promise  of  the  Adhesins 

There  is  a  promising  beginning  to  the  potential  commercialization  of  MHS-3  adhesin.  There  is  a 
general  purpose  growth  medium  (Marine  Broth  (MB)),  synthetic  media  (Havenner  et  al., 
1979)(Medium  G)  and  a  commercial,  low  cost  medium  (Manyak  and  Weiner,  1994)  (LD).  We 
,have  grown  MHS-3  in  a  fermenter  with  the  finding  that  there  is  a  higher  yield  of  cells  and 
polymer  in  the  fermentor  than  in  flask  culture.  The  adhesins  may  have  value  as  underwater 
surface  coatings  and  as  bioadhesives  since  they  are  relatively  non-immunogenic  (MacLeod  and 
Krauss,  1950). 
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SUMMARY 


To  control  biofouling,  it  is  necessary  to  understand  the  primary  adhesive  interaction  between 
pioneer  colonizing  bacteria  and  the  substratum.  There  are  apparently  several  species  specific 
mechanisms  involved.  One  bacterial  strategy  for  adhesin  is  the  synthesis  of  amino  sugar 
polymeric  adhesins.  These  can  be  demonstrated  by  agents  that  specifically  bind  these  moieties 
and  consequently  interfere  with  the  adhesive  process.  They  can  be  characterized  by  new 
spectrometry  technology. 
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Prosthecate  Reproductiva  cell 


Figure  1.  Diphasic  life  cycle  of  Hyphomonas.  Single  arrows  designate  swarm  cycle 
(pelagic  form).  Double  arrows  designate  reproductive  cycle  (Adherant,  biofilm  form). 
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Figure  2.  Holdfast  capsule  of  Hyphomonas.  MHS-3  capsule  labelled  with 
Bauhinia  purpurea  lectin.  In  this  electron  micrograph,  the  cell  is  approx.  2pm. 


V 


Figure  3.  Electron  micrograph  of  Hyphomonas.  VP-6  showing  capsule 
(surronding  entire  cell),  stained  with  cationic  cerritin.  Bar  represents  one  pm. 
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Figure  4.  Electron  Micrograph  of  Hyphomonas  VP-6  showing 
holdfast.  Hostfast  (arrow)  is  clearly  visable  without  staining  and 
other  procedures  that  could  induce  artifacts. 
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Figure  5.  Diagram  depicting  emerging 
technologies  to  determine  the  nature  of 
bioadhesins  and  the  bonds  they  form  on 
immersed  substrata. 
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Hyphomonas  strain  VP-6  is  a  prosthecate  bacterium  isolated  from  the  Guayamas  vent  region  and  is  a 
member  of  a  genus  of  primary  and  common  colonizers  of  marine  surfaces.  It  adheres  to  solid  substrata  as  a 
first  step  in  biofilm  formation.  Fine-structure  microscopy  and  the  use  of  specific  stains  and  lectins  reveal  that 
It  synthesizes  two  different  extracellular  polymeric  substances  (EPS).  One  is  a  temporally  synthesized,  polar 
holdfast  EPS,  and  the  other  is  a  capsular  EPS  that  is  present  during  the  complete  life  cycle  and  surrounds  the 
entire  cell,  including  the  prosthecum.  The  timing  and  location  oi  Hyphomonas  strain  VP-6  EPS  elaboration 
correlate  with  adhesion  to  surfaces,  suggesting  that  the  EPS  serves  not  only  as  the  biofilm  matrix  but  also  as 
a  primaiy  adhesin.  The  temporality  and  polarity  of  VP-6  EPS  expression  substantially  differ  from  those 
properties  oi  Hyphomonas  strain  MHS-3  EPS  expression. 


This  paper  reports  on  a  relationship  between  adhesion  and 
capsule  synthesis  in  the  prosthecate,  budding,  marine  bacte¬ 
rium  Hyphomonas  strain  VP-6.  There  are  two  separate,  but 
equally  important,  steps  in  the  adhesion  of  bacteria  at  liquid- 
solid  interfaces  (15).  The  first  is  primary,  reversible  adhesion 
that  occurs  when  the  cell  initially  approaches  a  surface  (15, 20). 
Bacteria  have  evolved  structures  designed  to  span  the  electrical 
repulsion  barrier  between  them  and  a  surface,  including  fim¬ 
briae,  pili,  flagella,  and  surface  polysaccharides.  The  lengths 
and  diameters  of  these  appendages  dictate  that  they  are  less 
susceptible  to  charge  repulsion  than  are  whole  cells  (14).  Ad¬ 
hesion  at  this  stage  occurs  through  van  der  Waals  forces,  hy¬ 
drophobic  bonds,  and  electrostatic  interactions  (6).  After  pri¬ 
mary  adhesion,  a  cell  displays  Brownian  and/or  flagellum- 
mediated  motion  but  can  become  easily  detached  from  the 
surface  (14),  It  is  believed  that  chemotactic  sensors  are  em¬ 
ployed  by  the  cells  to  determine  if  the  attachment  site  is  suit¬ 
able  for  growth  (10).  Should  the  organism  colonize,  primary 
reversible  attachment  becomes  secondary,  permanent  adhe¬ 
sion.  This  step  is  time  dependent  and  may  involve  the  produc¬ 
tion  of  additional  extracellular  polymers  (6).  At  this  point, 
Brownian  motion  ceases  and  cells  cannot  be  removed  from  the 
surface  without  the  application  of  significant  shear  force  (14). 

Some  studies  have  shown  that  surface  polysaccharides  are 
responsible  for  the  primary  adhesion  of  cells  to  surfaces  (4, 18, 
23).  However,  most  report  that  other  structures  are  involved  in 
primary  adhesion.  The  identity  of  the  polymer  responsible  for 
permanent  adhesion  of  cells  to  surfaces  is  also  a  major  topic  of 
debate  (8).  However,  it  is  generally  accepted  that  capsular 
extracellular  polymeric  substances  (EPS;  polysaccharide-based 
polymers,  possibly  associated  with  proteins  or  lipids)  are  the 
main  components  of  biofilm  matrixes,  serving  as  the  glue  that 
holds  the  conglomerates  of  cells  together  (5,  14).  In  this  con¬ 
text,  it  is  important  to  understand  where  and  when  biofouling 
bacteria  produce  surface  polysaccharides  as  well  as  how  many 
and  what  types  of  surface  polysaccharides  they  produce. 

Bacteria  have  evolved  various  types  of  surface  polysaccha¬ 
rides  that  mediate  adhesion  to  surfaces  (7,  16,  18,  28).  The 
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holdfast  is  an  extracellular  structure  that  is  usually  spatially 
confined  to  a  single  pole  of  the  cell  (21).  It  is  typically  com¬ 
posed  of  heteropolysaccharide  (18)  and  has  been  reported  to 
be  a  tenacious  adhesive  (18).  While  the  holdfast  does  not 
function  as  a  complete  EPS  capsule  (which  serves  as  a  nutrient 
sink  and  protects  from  predation  and  desiccation),  its  synthesis 
does  not  require  nearly  as  much  energy  as  that  required  by  a 
full  capsule,  which  needs  as  much  as  62%  of  that  used  by  the 
cell  at  any  moment  (6). 

Electron  microscopy  has  proven  to  be  a  powerful  tool  for 
investigating  surface  polysaccharide-mediated  adhesion  by  mi¬ 
croorganisms.  A  study  by  Marshall  and  Cruickshank  (16) 
showed  that  species  of  Hyphomicrobium  and  Flexibacter  use 
holdfasts  to  mediate  adhesion  to  surfaces.  Likewise,  Fletcher 
and  Floodgate  (7)  showed  that  Pseudomonas  strain  NCMB 
2021  produces  two  separate  types  of  EPS  during  the  adhesion 
process.  One  is  a  hydrophilic  polymer  involved  in  primary 
adhesion,  while  the  other  is  a  hydrophobic  EPS  produced  sub¬ 
sequent  to  the  first  polymer,  believed  to  solidify  the  organism’s 
attachment  to  a  surface.  Thus,  scanning  and  transmission  elec¬ 
tron  microscopy  (SEM  and  TEM,  respectively)  may  be  used  to 
elucidate  the  number  of  adhesive  polymers,  their  locations  on 
a  cell,  and  their  function  in  the  adhesion  process. 

Plant  lectins  are  also  effective  tools  for  investigating  surface 
polysaccharide  production.  Soybean  and  wheat  germ  aggluti¬ 
nins  were  used  to  probe  the  locations  of  EPS  on  Rhizobium 
japonicum  (29)  and  Seliberia  stellata  (9),  respectively.  Merker 
and  Smit  (18)  used  wheat  germ  agglutinin  to  label  the  holdfast 
of  Caulobacter  crescentus,  and  workers  in  our  laboratory  have 
used  Bauhinia  purpuria  lectin  to  label  the  EPS  of  another  strain 
of  Hyphomonas  (17),  designated  MHS-3. 

Hyphomonas  spp.  have  a  relatively  complex  biphasic  life 
cycle.  A  swarm  cell  is  planktonic  and  specialized  for  survival  in 
the  pelagic  zone,  while  a  prosthecate  cell  is  adherent  and 
adapted  for  survival  in  more  nutrient-rich  biofilms.  In  a  prior 
study  of  Hyphomonas  strain  MHS-3,  we  showed  that  it  has  a 
single  EPS  holdfast  that  is  less  localized  than  other  holdfasts  in 
that  it  covers  the  entire  main  body  of  the  reproductive  cell  (23). 
The  MHS-3  holdfast  is  expressed  coincidentally  with  formation 
of  prosthecal  outgrowth  (23,  24).  Treatment  with  specific  lec¬ 
tins  inhibited  adhesion.  Here  we  report  on  the  spatial  and 
temporal  production  of  surface  polysaccharides  by  Hyphomo¬ 
nas  strain  VP-6  and  show  that  its  synthesis  and  spatial  arrange- 
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ment  are  very  dijfferent  than  those  of  MHS-3.  We  show  that 
VP-6  synthesizes  two  EPS  structures.  One,  a  holdfast,  is  ex¬ 
pressed  during  a  limited  stage  of  growth  and  only  at  one  pole. 
The  other,  a  capsular  EPS,  is  constitutively  expressed  and 
surrounds  the  entire  cell. 

(A  portion  of  these  results  was  presented  at  the  96th  Gen¬ 
eral  Meeting  of  the  American  Society  for  Microbiology  (12) 
and  were  used  by  S,  Langille  in  partial  fulfillment  of  the  Ph.D. 
requirements  of  the  University  of  Maryland,  College  Park.) 

MATERIALS  AND  METHODS 

Strains,  culture  conditions,  and  chemicals.  Hyphomonas  strain  VP-6  was  iso¬ 
lated  from  the  Guayamas  Basin  hydrothermal  vent  region  by  H.  Jannasch 
(Woods  Hole  Oceanographic  Institute).  VP-6  was  stored  and  enumerated  on 
marine  agar  (55.1  g/liter)  and  cultivated  aerobically  in  marine  broth  2216  (MB; 
37.4  g/liter;  Difco  Laboratories,  Detroit,  Mich.)  at  25°C.  All  chemicals  were 
purchased  from  Sigma  Chemical  Company  (St.  Louis,  Mo.)  or  Fisher  Biologicals 
(Melvin,  Pa.),  unless  otherwise  noted. 

TEM.  TEM  was  done  on  a  JEM  lOOCX  transmission  electron  microscope 
operating  at  80  kV  with  collodion-coated  200-mesh  copper  grids  (EY  Labs,  San 
Mateo,  Calif.).  Middle-logarithmic-phase  broth  cultures  were  used  for  all  exper¬ 
iments.  Ceils  used  for  rosette  and  holdfast  visualization  were  layered  on  grids  for 
1  min  and  then  passed  through  3  drops  of  distilled  water  (dH20),  blotted  dry, 
and  stained  for  15  s  in  a  drop  of  1%  uranyl  acetate.  EPS  were  stained  with 
cationic  ferritin.  The  cells  were  centrifuged  and  washed  once  with  sterile  phos¬ 
phate-buffered  saline  (PBS;  8.0  g  of  NaCl,  2.0  g  of  KCl,  1.2  g  of  Na2HP04,  0.2  g 
of  KH2P04/liter  of  dH20  [pH  7.2]).  Cells  were  resuspended  in  PBS,  incubated 
for  1  h  with  1.0  mg  of  cationic  ferritin  per  ml,  washed  twice  with  PBS,  and  layered 
on  collodion-coated  copper  grids.  Ruthenium  red  staining  was  done  essentially 
according  to  the  method  of  Luft  (13).  Briefly,  the  culture  was  harvested  in 
mid-logarithmic  phase  and  resuspended  in  a  0.5-mg/ml  solution  of  ruthenium  red 
dissolved  in  PBS  containing  0.9%  glutaraldehyde.  After  1  h,  cells  were  washed 
twice  with  PBS,  layered  onto  collodion-coated  grids,  and  stained  for  15  s  with  1% 
uranyl  acetate. 

SEM.  SEM  was  done  on  an  Am  ray  1820D  scanning  electron  microscope 
operating  at  20  kV.  Cells  attached  to  surfaces  were  visualized  by  coating  glass 
coverslips  with  MB  for  5  min  and  then  layering  mid-logarithmic-phase  cultures 
on  the  coverslips  for  60  min.  Attached  cells  were  then  dehydrated  in  a  graded 
series  of  ethanol  solutions  (75,  90  and  100,  100  and  100%)  for  5  min  each  and 
dried  in  a  Denton  DCP-1  critical -point  drying  apparatus.  Each  coverslip  was 
glued  to  an  aluminum  stub  (EY  Labs)  with  silver  paint  (Ted  Pella  Inc.,  Redding, 
Calif.)  and  evaporation  coated  with  gold-palladium. 

FITC-conjugated  lectin  EPS  probes.  Cells  were  harvested  during  mid-loga¬ 
rithmic  phase,  washed  once  in  sterile  PBS,  and  resuspended  in  PBS  along  with  50 
|xg  of  fluorescein  isothiocyanate  (FITC)- labeled  sweet  pea  lectin  (SPL),  coral 
tree  lectin  (CTL),  or  Griffonia  simplicifolia  (GSII)  lectin  for  1  h.  Cells  were  then 
washed  three  times  in  sterile  PBS  and  photographed  with  a  Zeiss  Axiophot 
microscope  by  incident  light  fluorescence  microscopy. 

Orientation  of  adhesion.  One  hundred-microliter  samples  of  a  mid-logarith¬ 
mic-phase  culture  were  layered  onto  glass  coverslips  precoated  with  MB.  Cov¬ 
erslips  were  incubated  in  a  humid  chamber  at  25°C  and  then  washed  after  5,  15, 
30,  60, 120,  or  240  min  with  10  ml  of  artificial  seawater  (23.0  g  of  NaCl,  0.24  g  of 
Na2C03,  0.33  g  of  KCl,  4.0  g  of  MgC^  •  6H2O,  0.66  g  of  CaCl2  *  H20/liter  of 
dH20).  The  number  and  orientation  of  cells  attached  to  80-jxm^  areas  of  the 
coverslip  were  determined  at  each  time  point  with  a  Zeiss  Axiophot  light  micro¬ 
scope  (objective,  numerical  aperture  1.32)  and  an  ocular  micrometer.  We  used 
30  samples,  from  which  the  mean  and  standard  deviation  were  calculated. 

Culture  synchronization.  A  modification  of  the  size-sorting  procedure  of  Wali 
et  al.  (32)  was  used  to  synchronize  VP-6  cultures.  One  liter  of  early-  to  mid- 
logarithmic-phase  culture  was  centrifuged  at  13,000  x  g  for  5  min.  The  super¬ 
natant  was  passed  through  a  0.6-|xm-pore-size  membrane  (Poretics  Corp.,  Liv¬ 
ermore,  Calif.)  and  then  centrifuged  at  16,000  x  g  for  30  min.  The  pellet, 
consisting  of  swarm  cells,  was  then  resuspended  in  30  ml  of  MB  and  shaken  at 
100  rpm  at  25'’C.  Aliquots  (1.5  ml)  were  taken  every  20  min  for  6  h.  Twenty 
microliters  of  culture  from  each  time  point  was  layered  directly  onto  a  collodion- 
coated  copper  grid  and  stained  with  1%  uranyl  acetate  for  15  s.  The  remaining 
culture  sample  from  each  time  point  was  frozen  at  -SO^C.  Aliquots  from  each 
time  point  were  thawed  and  labeled  with  cationic  ferritin. 


RESULTS 

VP-6  produces  a  polar  holdfast.  The  first  indication  that 
VP-6  produces  holdfasts  came  from  its  ability  to  form  rosettes 
consisting  of  three  or  more  cells  attached  at  a  common  pole, 
with  prostheca  radiating  outward  (Fig.  lA).  Closer  inspection 
revealed  fibrous  material  at  the  tip  of  the  mother  cell,  distal  to 
the  prosthecum,  which  mediated  intercellular  adhesion  (Fig. 


FIG.  1.  Holdfast  production.  Middle-logarithmic-phase  VP-6  cells  were  lay¬ 
ered  on  copper  grids  and  stained  with  uranyl  acetate.  Shown  are  a  rosette  (A), 
two  cells  attached  by  the  fibrous  holdfast  (arrowhead)  (B),  and  a  single  cell  with 
a  holdfast  (arrowhead)  (C).  Bar  =  1  pm. 


IB  and  C).  Holdfasts  were  approximately  30  nm  wide  at  the 
base  of  the  cell,  fanning  out  to  a  width  of  approximately  200 
nm.  The  holdfast  enlarges  with  cell  maturation,  reaching  a 
length  of  up  to  300  nm.  The  CTL,  specific  for  galactose- p- 1,4- 
A-acetylglucosamine  linkages,  bound  holdfasts,  as  determined 
by  immunofluorescence  microscopy  (Fig.  2).  Note  the  pinpoint 
labeling  pattern  of  CTL-treated  cells  (Fig.  2B)  compared  to 
that  of  control  cells  (Fig.  2D). 

Evidence  for  a  VP-6  capsular  EPS.  Ruthenium  red  staining, 
specific  for  acidic  polysaccharides  (1),  revealed  that  VP-6  pro¬ 
duces  a  rough  acidic  capsular  EPS  that  surrounds  the  entire 
budding  reproductive  cell  (Fig.  3).  Cationic-ferritin-stained 
cells  (Fig.  4)  and  specific  lectin  immunoprobes  corroborated 
these  results.  EPS  were  viewed  on  swarm,  reproductive,  and 
budding  reproductive  cells,  which  demonstrated  constitutive 
production  throughout  the  life  cycle  (Fig.  4).  The  thickness  of 
capsular  EPS  ranged  from  approximately  100  nm  on  swarm 
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FIG.  2,  VP-6  holdfasts  labeled  with  FITC-conjugated  CTL.  Logarithmically  growing  cells  were  washed  and  resuspended  in  PBS  with  50  (xg  of  FITC-labeled  CTL 
or  G.  simplicifolia  lectin  per  ml.  A  phase-contrast  image  of  VP-6  cells  labeled  with  FITC-conjugated  CTL  (A)  and  the  same  preparation  viewed  with  incident  light 
fluorescence  wavelengths  (B)  are  shown.  Notice  the  pinpoint  fluorescence  indicating  the  labeling  of  holdfast  EPS.  Also  shown  are  control  cells  labeled  with 
FITC-conjugated  G.  simplicifolia  lectin  (C)  and  the  same  cells  viewed  by  incident  light  fluorescence  (negative  control)  (D).  Magnification,  x863. 
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FIG.  3.  Budding,  prosthecate  VP-6  cell  stained  with  Ruthenium  Red.  Logarithmically  growing  cells  were  suspended  in  a  0.5-mg/ml  solution  of  ruthenium  red 
dissolved  in  PBS  containing  0.9%  glutaraldehyde.  After  1  h,  cells  were  washed  twice  with  PBS,  layered  on  collodion-coated  copper  grids,  and  stained  with  uranyl  acetate. 
Notice  the  rough  capsular  EPS  covering  the  entire  cell.  Bar  =  1  (xm. 
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FIG.  4.  Cationic-ferritin-labeled  capsules.  Ceils  were  incubated  in  1.0  mg  of 
cationic  ferritin/ml  of  dH20  solution,  washed,  and  layered  on  collodion-coated 
copper  grids.  Swarm  (A),  prosthecate  reproductive  (B),  and  budding  reproduc¬ 
tive  (C)  cells  are  shown.  Notice  that  in  all  cases  the  entire  cell  is  surrounded  by 
capsular  EPS.  Arrowheads  point  to  unlabeled  holdfasts.  Bar  =  1  pm. 


cells  and  buds  to  300  nm  on  the  prostheca  and  the  main  bodies 
of  reproductive  cells.  Capsular  EPS  appeared  to  be  tightly 
bound  to  cells  and  was  not  easily  sheared  during  the  multiple 
centrifugation  and  resuspension  steps  involved  in  the  cationic- 
ferritin  labeling  process  (Fig.  4).  The  holdfasts  of  VP-6  cells 
were  not  bound  by  cationic  ferritin  (Fig.  4).  Holdfasts  were  not 
obvious  on  cationic-ferritin-labeled  cells  because  they  could 
not  be  stained  with  uranyl  acetate. 

Timing  of  EPS  and  holdfast  production  by  VP-6.  The  timing 
of  both  EPS  and  holdfast  expression  was  determined  in  syn¬ 
chronously  growing  populations.  Figure  5  shows  the  stages  in 
the  morphogenesis  of  Hyphomonas  strain  VP-6.  Swarm  cells 
required  60  ±  10  min  for  maturation  and  the  initiation  of 
prosthecal  outgrowth.  Prosthecate  cells  formed  buds  at  150  ± 
10  min.  The  reproductive  cells  shed  buds  at  the  distal  tips  of 
their  prostheca  after  210  ±  10  min.  The  holdfast  and  flagellum 
were  synthesized  at  the  same  pole  180  ±  10  min  into  the 
cycle  (Fig.  5D),  indicating  that  individual  swarm  cells  have 


both  a  flagellum  and  a  holdfast  when  they  are  released  from 
the  reproductive  cell.  Synchronized  populations  expressed  cap¬ 
sular  EPS  at  every  stage  of  the  developmental  cycle,  as  was 
revealed  by  TEM  of  cells  labeled  with  cationic  ferritin  (Fig. 
6). 

Correlation  of  surface  polysaccharide  production  and  adhe¬ 
sion.  The  orientations  of  cells  of  Hyphomonas  strain  VP-6 
during  surface  actachment  and  whether  attachment  varies  with 


FIG.  5.  Uranyl  acetate-stained  synchronized  cultures.  VP-6  was  synchronized 
by  using  differential  centrifugation  and  size  sorting.  Twenty  microliters  of  culture 
from  each  time  point  was  directly  layered  onto  collodion-coated  copper  grids  and 
stained  with  uranyl  acetate.  Shown  are  cells  at  0  min  (A),  60  min  (B),  120  min 
(C),  180  min  (D),  and  240  min  (E).  Arrowheads  point  to  holdfasts.  Bar  =  1  jxm. 
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FIG.  6.  Synchronized  VP-6  cells  labeled  with  cationic  ferritin.  Cells  were 
removed  from  a  synchronous  culture,  treated  with  a  1.0-mg/ml  solution  of  cat¬ 
ionic  ferritin,  washed,  and  layered  onto  collodion-coated  copper  electron  micro¬ 
graph  grids.  Cells  shown  in  these  photomicrographs  were  removed  from  the 
synchronous  culture  at  0  min  (A),  180  min  (B),  and  360  min  (C).  Notice  that 
VP-6  produced  capsular  EPS  at  each  of  the  time  points.  Bar  =  1  (im. 


the  location  of  surface  polysaccharide  were  examined  by  SEM 
of  critical-point  dried  cells  attached  to  glass  coverslips.  VP-6 
cells  affixed  themselves  either  perpendicularly  or  parallel  to  the 
surface  (Fig.  7).  Cells  affixed  perpendicularly  to  the  surface 
appeared  spherical  when  they  were  viewed  by  phase-contrast 
microscopy  (Fig.  8).  More  of  each  cell  that  affixed  itself  parallel 
to  the  surface  was  visible  in  the  plane  of  focus  (Fig.  8A).  The 
holdfasts,  being  polar,  adhered  cells  at  one  pole  so  that  they 
stood  perpendicularly;  the  capsule,  which  surrounds  the  entire 
cell,  adhered  it  parallel  to  the  surface.  As  shown  in  Fig.  8B,  the 
ratio  of  perpendicular  to  parallel  cells  decreased  with  time, 
suggesting  that  cells  adhered  initially  via  the  holdfast  and  later 
predominately  via  the  capsule. 

DISCUSSION 

An  investigation  of  the  spatial  and  temporal  production  of 
surface  polysaccharides  by  Hyphomonas  strain  VP-6  shows  that 
it  produces  two  separate  adhesive  surface  polysaccharides. 


both  of  which  mediate  cellular  adhesion  to  surfaces.  These 
polymers  differ  in  their  charges,  structures,  locations,  and  tem¬ 
poral  levels  of  production.  A  holdfast  is  produced  polarly  and 
at  a  specific  time  during  the  life  cycle,  while  a  capsular  EPS 
surrounds  the  entire  cell  during  all  morphogenic  stages.  Cells 
with  holdfasts  form  rosettes  by  binding  to  one  another  by 
each  holdfast  (19,  31).  The  production  of  surface  polysac¬ 
charide  in  VP-6  is  very  different  from  that  in  MHS-3,  which 
produces  a  single  EPS  that  surrounds  the  main  body  of  the 
prosthecate  cell  and  is  synthesized  only  at  reproductive-cell 
stages  (24). 

Electron  microscopy  is  a  useful  tool  for  studying  the  loca- 


FIG.  7.  Orientation  of  VP-6  cell  attachment.  Glass  coverslips,  coated  with 
MB,  were  layered  with  logarithmically  growing  cells  and  viewed  with  an  Amray 
1820D  scanning  electron  microscope.  Notice  that  some  VP-6  cells  stand  perpen¬ 
dicular  to  the  surface  (panel  A  and  middle  cell  in  panel  B)  but  that  others  lie 
parallel  to  it  (flanking  cells  in  panel  B).  Bar  —  1  ^.m. 
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FIG.  8.  Perpendicular  versus  parallel  adhesion.  (A)  Phase-contrast  image  of 
VP-6  cells  attached  to  a  glass  coverslip.  Perpendicularly  attached  cells  appear 
spherical  (small  arrowhead)  and  can  be  easily  differentiated  from  those  lying 
parallel  to  the  surface  (large  arrowhead).  Magnification,  X925.  (B)  Ratio  of 
perpendicular  to  parallel  cells  relative  to  time  of  adhesion.  The  ratio  of  cells 
exhibiting  perpendicular  adhesion  to  those  exhibiting  parallel  adhesion  decreases 
with  time. 


tions  and  fine  structures  of  surface  polysaccharides  on  micro¬ 
bial  cells.  However,  because  surface  polysaccharides  are  highly 
hydrated  polymers  (up  to  99%  water  [26]),  artifact  formation 
during  sample  preparation  is  a  legitimate  concern.  The  major 
effect  of  dehydration  is  shrinking  of  the  surface  polysaccha¬ 
rides  and  loss  of  fine  structure  (26).  However,  negatively 
charged  surface  polysaccharides  remain  preserved,  close  to 
their  original  state,  when  they  are  treated  with  cationic  ferritin 
or  ruthenium  red  before  the  dehydration  steps  (1,  26).  In 
addition,  critical-point  drying  and  chemical  fixation,  although 
not  able  to  prevent  shrinkage  and  artifact  formation  com¬ 
pletely,  have  been  used  successfully  in  the  observation  of  cap¬ 
sular  material  (26). 

A  number  of  aquatic  bacteria  have  been  shown  to  produce 
holdfasts.  These  include  Asticacaulis  biprosthecum,  C.  crescen- 
tus,  Flexibacter  aurantiacus,  Hyphomicrobium  vulgarae,  5.  stel- 


lata,  species  of  Thiothrix,  and  Hyphomonas  strains  MHS-3  (9, 
17, 18, 23, 31,  33)  and  VP-6  (this  study).  All  of  these  organisms 
are  believed  to  employ  the  holdfast  for  adhesion,  and  with  the 
exception  of  MHS-3,  which  produces  a  less  localized  holdfast, 
all  form  rosettes  in  liquid  culture.  Unlike  the  holdfasts  of  R, 
japonicum,  A.  biprosthecum,  Thiothrix  species,  C  crescentus, 
and  Hyphomonas  strain  MHS-3,  the  VP-6  holdfast  does  not 
appear  to  be  negatively  charged,  as  was  demonstrated  by  its 
inability  to  bind  cationic  ferritin  (Fig.  4).  This  is  surprising, 
because  most  adhesive  surface  polysaccharides  carry  a  net  neg¬ 
ative  charge  (3).  However,  a  neutral  or  positively  charged  hold¬ 
fast  may  have  the  advantage  of  experiencing  decreased  repul¬ 
sion  by  the  negatively  charged  surface. 

The  VP-6  capsular  EPS  is  a  550-kDa  negatively  charged 
polymer  able  to  bind  certain  cationic  metals  and  the  carbohy¬ 
drate-specific  dye  toluidine  blue  (11).  The  capsular  EPS  may 
measure  up  to  300  nm  in  thickness  and  is  produced  constitu- 
tively  throughout  the  life  cycle  of  the  organism.  Data  presented 
both  here  and  elsewhere  (11)  confirm  that  the  EPS  is  used  for 
adhesion  and  also  probably  serves  as  the  biofilm  matrix. 

C  crescentus  produces  small  amounts  of  a  high-molecular- 
weight  EPS  believed  to  cover  the  entire  cell;  however,  its  func¬ 
tion  has  not  yet  been  determined  (25).  S.  stellata  also  produces 
a  second  EPS  in  late  growth  stages  (9)  which  contains  an 
N-acetylated  amino  sugar.  VP-6  EPS  is  produced  constitutively 
during  the  entire  life  cycle  and  functions  in  cell  adhesion  (11). 
Thus,  to  the  best  of  our  knowledge,  VP-6  is  the  first  organism 
found  to  produce  an  adhesive  holdfast  and  a  second  adhesive 
EPS  concurrently.  The  reason  for  this  apparent  redundancy  is 
not  entirely  clear  but  might  be  explained  in  the  following  way. 
The  holdfast,  either  through  its  location  on  the  cell  or  its 
chemical  composition,  is  more  specialized  to  make  the  initial 
adhesive  bond.  With  time,  the  EPS  exchanges  hydrogen  bonds 
with  water  for  hydrogen  bonds  with  the  surface,  thus  slowly 
pulling  the  cell  parallel  to  the  surface.  The  selective  advantage 
for  this  mechanism  may  be  that  cells  lying  parallel  to  the 
surface  are  more  resistant  to  shear  forces  than  cells  attached 
perpendicularly,  offering  an  advantage  in  turbulent  environ¬ 
ments.  It  is  also  possible  that  the  EPS  capsule  may  function 
primarily  for  protection,  as  a  nutrient  sink,  or  as  the  biofilm 
matrix  and  secondarily  as  an  adhesin. 

Staphylococcus  epidermidis  RP62A  produces  two  extracellu¬ 
lar  polysaccharides  known  as  capsular  polysaccharide  adhesin 
(CPA)  and  slime-associated  antigen  (SAA).  Mutants  for  either 
CPA  or  SAA  production  showed  that  the  CPA  was  used  in  the 
early  stages  of  adhesion  but  that  the  SAA  was  involved  in 
bacterial  accumulation  (27),  a  mechanism  which  might  be 
mimicked  by  the  holdfast  and  EPS  of  VP-6. 

Capsular  EPS  surrounded  the  entire  cell  throughout  the 
entire  life  cycle.  However,  SPL  bound  very  weakly  to  the  EPS 
of  synchronized  cells  compared  to  its  extent  of  binding  to  the 
EPS  of  a  mid-logarithmic-phase  culture.  Thus,  VP-6  may  alter 
the  composition  of  its  capsular  EPS  as  the  culture  ages.  The 
exopolysaccharides  of  Acinetobacter  calcoaceticus  and  Kleb¬ 
siella  sp.  strain  K32  varied  in  composition  depending  upon  the 
available  carbon  source  in  the  growth  media  (2).  Similarly, 
Pseudomonas  atlantica  decreased  the  proportion  of  galactose 
and  increased  the  proportion  of  uronic  acids  in  its  glycocalyx  as 
the  growth  cycle  progressed  (30).  VP-6  may  similarly  alter  the 
composition  of  its  capsular  EPS,  with  one  type  being  produced 
during  lag  and  early-logarithmic  growth  phases  (as  would  be 
the  case  in  a  synchronized  culture)  and  another  being  pro¬ 
duced  as  nutrients  become  depleted  from  the  media  in  middle- 
to  late-logarithmic  phase  (two-day  culture).  VP-6  also  synthe¬ 
sizes  a  capsular  EPS-associated  64-kDa  protein  (11).  Perhaps 
that  protein  is  synthesized  only  in  older  cultures,  by  modifying 
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FIG.  9.  Mo^hogenesis  of  VP-6  cells.  Culture  synchronization,  electron  mi¬ 
croscopy,  and  incident  light  fluorescence  microscopy  were  used  to  delineate 
morphogenesis.  Prosthecum  and  holdfast  production  begins  at  60  ±  10  min.  The 
holdfast  and  flagellum  are  produced  on  a  developing  swarm  cell  after  180  ±  10 
min.  The  swarm  cell  separates  from  the  bud  after  210  ±  10  min. 


the  orientation  of  EPS  and  making  it  a  more  suitable  SPL 
ligand. 

Figure  9  outlines  the  morphological  development  of  VP-6  in 
a  synchronous  culture.  An  encapsulated  and  flagellated  swarm 
cell  sheds  its  flagellum  after  30  ±  10  min  and  begins  to  produce 
a  prosthecum  and  holdfast  at  60  ±  10  min.  Prosthecum  elon¬ 
gation  continues  for  the  next  60  ±  10  min,  with  bud  formation 
taking  place  at  150  ±  10  min.  The  holdfast  and  flagellum  form 
on  the  bud  after  180  ±  10  min,  and  separation  of  the  swarm 
cell  from  the  reproductive  cell  occurs  at  210  ±  10  min.  Repro¬ 
ductive  cells  continue  to  produce  buds  during  the  time  that 
swarm  cells  begin  the  process  of  prosthecum  elongation  and, 
eventually,  bud  formation.  Thus,  VP-6  required  210  ±  10  min 
from  the  swarm  cell  stage  to  the  release  of  the  first  progeny. 
Swarm  cell  maturation  required  29%,  prosthecal  elongation 
required  43%,  and  swarm  cell  maturation  required  29%  of  the 
developmental  cycle.  These  values  were  165  ±  15  min,  21%, 
58%,  and  21%,  respectively,  for  MHS-3  (24). 

The  synchronized  synthesis  of  holdfast  by  W-6  and  its  use  as 
an  adhesin  most  closely  resembles  those  properties  of  C.  cres- 
centus.  Both  produce  holdfasts  at  the  pole  of  the  cell  where  the 
flagellum  forms,  and  both  organisms  use  holdfasts  as  a  mech¬ 
anism  of  swarm  cell  adhesion.  The  difference  is  that  C.  cres^ 
centus  forms  a  prosthecum  at  the  pole  where  the  holdfast 
forms  (22)  while  VP-6  forms  a  prosthecum  at  the  opposite 
pole.  In  addition,  C  crescentus  does  not  produce  a  second 
adhesive  EPS  and  therefore  remains  perpendicular  to  the  sur¬ 
face  while  VP-6  initially  binds  perpendicularly  but  eventually 
lies  parallel  to  the  surface. 

MHS-3  produces  polar  fimbriae  at  the  tip  of  the  reproduc¬ 
tive  cell  distal  to  the  prosthecum  (22).  Since  the  VP-6  holdfast 
and  MHS-3  fimbriae  are  found  on  the  same  pole  of  the  repro¬ 
ductive  cell,  parallels  can  be  drawn  between  the  two.  Like 
fimbriae,  the  holdfast  fibers  may  be  of  sufficient  length  (up  to 
300  nm)  and  diameter  to  breach  the  electrostatic  repulsion 
barrier  that  exists  between  the  cells  and  the  surface.  However, 
SEM  of  cells,  attached  to  glass  coverslips,  shows  that  after 
moderate  washing  of  the  surfaces  to  remove  loosely  bound 
cells,  remaining  MHS-3  cells  are  attached  via  the  holdfast,  not 
the  fimbriae.  In  contrast,  VP-6  may  use  either  the  holdfast  or 
the  cell-surrounding  EPS  capsule  to  adhere  strongly  enough  so 


that  they  are  not  removed  by  moderate  shear  forces.  Thus,  we 
postulate  that  the  holdfast  of  VP-6  is  primarily  used  in  initial 
cell  attachment  to  surfaces  and  that  it  can  also  function  as  a 
permanent  adhesin.  With  Hyphomonas,  Caulobacterj  and  a  few 
other  genera,  temporal  and  spatial  expression  of  capsule  is  a 
resource-conserving  measure. 
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Introduction 


Many  microbes  spend  all  or  part  of 
their  existence  on  surfaces.  In  many  cases 
they  have  evolved  specialized  organs  and 
appendages  to  promote  die  attachment 
process.  In  some  instances,  specific 
biomolecules  have  been  assigned  an 
adhesion  function.  At  the  molecular  level, 
interactions  between  adhesive  biomolecules 
and  the  substratum  surface  control  the 
microbe’s  ability  to  first  establish  an  initial 
association  with  the  substratum  as  well  as 
mediate  a  long-term  association  with  the 
substratum.  The  focus  of  this  review  is  the 
state  of  our  understanding  of  molecular 
mechanisms  responsible  for  microbial 
attachment  to  inert  surfaces. 

It  is  important  is  emphasize  the 
association  made  here  between  "inert"  and 
"molecular  mechanisms".  Investigations  of 
adhesion  of  microbes  to  biological  surfaces 
have  demonstrated  that,  in  general,  adhesion 
is  mediated  by  biomolecules  with  one 
or  more  binding  sites  for  a  restricted  set  of 
epitopes  (1,2).  The  interactions,  sometimes 


termed  specific  or  stereo-specific 
interactions,  which  favor  die  bound  over  the 
unbound  state  are  thought  to  be  similar  to 
those  involved  in  enzyme/substrate  or 
antibody/antigen  associations.  Interaction  of 
microbial  cells  with  inert  surfaces  has  been 
widdy  investigated  (3-5);  however,  with 
some  exceptions,  the  approach  used  to 
investigate  adhesion  of 
microbes  to  inert  surfaces  differs  profoundly 
from  that  taken  in  studies  of  adhesion  to 
biological  surfaces.  Commonly,  microbial 
adhesion  to  inert  surfaces  is  considered  to  be 
driven  by  physicochemical  properties  of  the 
cell  envelope  and  the  inert  surface  which  can 
be  characterized  globally,  without  regard  for 
the  individual  molecular  composition  of 
either. 

Physicochemical  approaches  have 
been  applied  in  diverse  ecosystems 
including  those  associated  with  the  ord 
cavity,  the  digestive  tract,  biomaterial- 
centered  infections  and  industrial  materials. 
In  application  of  the  E>eijaguin-Landau- 
Verwey-Overbeck  (DLVO)  theory  (6,7), 
microbes  are  treated  as  colloidal  particles.  In 
the  simplest  case,  the  colloid  is  represented 
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as  a  sphere  and  the  surface  as  a  plane,  and 
the  net  effect  of  electrostatic  and  van  der 
Waals  forces  on  the  potential  energy  of 
interaction  is  computed.  The  DLVO  theory 
predicts  that  biological  cells,  whose 
envelopes  typically  have  a  net  negative 
charge,  cannot  approach  closer  than  the 
secondary  energy  minimum,  about  10-20nm, 
from  a  typical  (negatively  charged)  surface 
(8).  Application  of  DLVO  theory  can 
adequately  account  for  observed  cell 
adhesion  behavior  in  some  cases  (9).  The 
prediction  of  relatively  weak  binding  of  a 
microbial  cell  at  the  secondary  minimum, 
which  can  lead  to  stronger  binding  at  the 
primary  minimum,  has  served  as  a  model  for 
processes  of  reversible  and  irreversible 
attachment,  respectively  (10).  Originating 
from  the  DLVO  theory  is  the  hypothesis  that 
cells  utilize  appendages  to  breach  the 
electrostatic  barrier,  in  order  to  induce 
irreversible  attachment  (11). 

The  DLVO  theory  does  not 
explicitly  incorporate  entropically  driven 
adhesion  forces  which  result  from 
disordering  of  water.  These  hydrophobic 
effects  can  explain  some  adhesion  behavior 
(12-16). 

It  is  inaccurate  to  state  that 
investigators  have  completely  ignored  the 
possibility  that  specific  biomolecules  have 
evolved  in  order  to  mediate  adhesion  to  inert 
surfaces.  However,  it  is  fair  to  state  that 
physicochemical  approaches  have 
dominated  the  literature.  An  argument  can 
be  made  that  these  approaches  have  reached 
the  limit  of  their  power  to  predict  cell 
adhesion  behavior  in  specific  instances.  It  is 
evident  that  in  order  to  understand  the 
influence  of  time-dependent,  cell-regulated 
changes  at  the  cell  surface  or  molecular 


heterogeneity  across  the  cell  and  substratum 
surface,  a  more  reductionist  approach  must 
be  taken.  The  purpose  of  this  article  is  to 
provide  a  literature  review  for  these  types  of 
studies. 

Evidence  for  specialized  adhesins  for 
attachment  to  inert  surfaces 

Some  of  the  earliest  evidence  that 
particular  biomolecules  serve  to  attach 
microbes  to  surfaces  of  inert  substrata  comes 
from  the  work  of  Floodgate  (17)  and 
Fletcher  and  Floodgate  (18).  Following  the 
lead  of  an  earlier  study  (10),  they  observed  a 
fibrous  material  which  appeared  to  anchor  a 
marine  bacterium  to  a  cellulose  ester  filter. 
By  combining  histological  staining  and 
visualization  by  transmission  electron 
microscopy  they  determined  that  a 
component  of  the  fibers  was  acidic 
polysaccharide.  It  has  become  apparent  that 
other  types  of  biomolecules  such  as  proteins 
reside  in  the  extracellular  matrix  linWng  the 
bacterial  cell  to  the  substratum  (19-21). 

Existence  of  biomolecules  which  are 
specialized  for  attachment  to  surfaces  of 
inert  substrata  can  be  demonstrated  by 
selecting  for  adhesion-altered  mutants.  One 
method  of  selection  is  to  exploit  the 
enrichment  for  adhesion-altered  mutants  at 
various  interfacial  boundaries.  Pringle  et  al. 
(22)  described  a  method  to  separate  mutant 
strains  of  a  wild-type  Pseudomonas 
fluorescens  which  had  altered  adhesion 
toward  polystyrene  from  surfaces  of  this 
material  submerged  in  a  continuous  culture 
apparatus.  The  primary  finding  was  that 
production  of  an  alginate-like  acidic 
polysaccharide  by  the  wild  type  and  a 
mucoid  strain  inhibited  attachment  to  both 
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polystyrene  and  treated  (hydrophilic) 
polystyrene. 

Other  studies  have  shown  that  acidic 
exopolysaccharides  promote  cell  adhesion  to 
some  surfaces.  A  mutant  strain  of  the  marine 
bacterium,  Deleya  marina,  which  produces 
rough  colonies,  lacks  a  uronic  acid 
exopolysaccharide  (23).  Adhesion  assays  on 
hydrophobic  and  hydrophilic  (chemically 
altered)  polystyrene  suggested  that  the  acidic 
exopolysaccharide  was  involved  in  adhesion 
to  the  hydrophilic  surfaces.  The  role  of  this 
exopolysaccharide  in  conferring 
adhesiveness  toward  hydrophilic  surfaces 
was  confirmed  in  a  latter  study  (24). 

Lectin-binding  assays,  treatment 
with  lytic  enzymes,  and  labeling  with 
calcofluor  provided  evidence  that  the 
holdfast  of  a  marine  Hyphomonas  sp.  was 
primarily  composed  of  polysaccharide,  but 
that  N-acetylglucosamine  residues  of  this 
polysaccharide  were  involved  in  mediating 
cell  adhesion  to  glass  (25).  Adsorption 
studies  on  a  germanium  substratum  using 
the  purified  polysaccharide  suggested  that 
this  putative  polysaccharide  adhesin  had 
molecular  properties  catered  to  promoting 
strong  interactions  with  mineral  oxides  (26). 

Based  on  the  limited  data  published 
to  date,  it  appears  that  cell  surface 
polysaccharides,  when  not  in  excess, 
promote  cell  attachment  to  hydrophilic 
surfaces.  When  the  cell  surface  is  depleted 
of  polysaccharide,  cells  appear  to  attach 
more  readily  to  hydrophobic  surfaces.  The 
absence  of  surface-localized  polysaccharides 
may  expose  other  biopolymers,  such  as 
proteins,  which  confer  adhesiveness  toward 
hydrophobic  surfaces.  It  has  long  been 
known  that  proteins  enriched  in  amino  acids 
containing  hydrophobic  side  chains  confer  a 


degree  of  hydrophobicity  to  the  cell 
envelope  and  thus  promote  cell  adhesion 
through  hydrophobic  interactions  (27). 
Direct  evidence  for  participation  of  a 
specific  protein  in  hydrophobic  adhesive 
interactions  has  been  obtained  from  the 
bacterium,  Serratia  marcescens  (28).  The 
protein  has  been  named  serraphobin.  It  can 
be  isolated  from  the  culture  supernatant  of 
wild  type  strains,  which  adhere  avidly  to  a 
hydrophobic  interface  (e.g., 
water/hexadecane),  but  is  absent  from  that  of 
an  adhesion-deficient  mutant.  The 
adsorption  behavior  of  this  protein  is 
consistent  with  its  putative  role  in  adhesion. 
Paul  and  Jeffrey  (29)  presented  evidence  for 
an  adhesive  role  for  proteins  excreted  by 
Vibrio  proteolytica  on  polystyrene  surfaces. 
Absence  of  long  (primarily  proteinaceous) 
fibrils  on  the  pathogenic  fungus,  Candida 
albicans,  exposes  hydrophobic  proteins 
which  enhance  adhesion  of  the  cells  to 
hydrophobic  substrata  (30).  Adhesins  which 
promote  bonding  to  substrata  through 
hydrophobic  interactions  have  been  termed 
"hydrophobins"  (14). 

One  of  the  most  well-characterized 
biomolecules  mediating  cell  adhesion  to 
surfaces  (polystyrene)  is  fucoidin,  a 
glycoprotein  from  the  brown  alga,  Fucus 

(31) .  Fucoidan  has  significant  sequence 
homology  with  vitronectin.  Sulfonate 
functionalities  associated  with  the  , 
oligosaccharide  chain  appear  to  be  required 
for  adhesion  of  the  Fucus  zygote  to  surfaces 

(32) . 

Localization  of  non-specific  adhesins  on 
the  cell  surface 

Bioadhesive  molecules  may  be 
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localized  in  specific  areas  of  the  cell 
surface,  indicating  that  polarity  is  important 
to  cell  attachment  to  surfaces.  Caulobacter 
spp.  produce  small  quantities  of  holdfast 
material  at  the  tip  of  a  stalk  structure  (33). 
Marine  Hyphomonas  strains  elaborate  an 
adhesive  polysaccharide  around  the  mother 
cell  but  not  around  the  stalk  and  daughter 
cell  (25).  Thus,  control  over  production  and 
cell  surface  localization  of  biomolecules 
appears  to  be  an  important  part  of  the 
adhesion  process. 

Genetic  basis  of  non-specific  adhesion 

Many  adhesive  bacteria  in  the  marine 
environment  produce  extracellular 
polysaccharides  after  the  initial  attachment 
stage,  particularly  during  microcolony 
growth  (34).  Vandevivere  and  Kirchman 
(35)  showed  that  attachment  to  silica  sand 
stimulated  exopolysaccharide  synthesis  by  a 
bacterium.  Davies  and  Geesey  (36)  showed 
that  cells  of  the  bacterium  Pseudomonas 
aeruginosa,  up-expressed  for  a  gene 
associated  with  extracellular  polysaccharide 
synthesis,  had  a  tendency  to  remain 
associated  with  a  glass  substratum  longer 
than  cells  that  were  not  expressing  the  gene. 
Synthesis  of  extracellular  polysaccharide  by 
the  marine  bacterium  Pseudoalteromonas 
(Pseudomonas)  atlantica  is  controlled  by 
gene  rearrangement  of  DNA  on  the 
chromosome  (37).  Whether  this  influences 
cell  adhesion  remains  to  be  determined. 
Significant  progress  has  been  made  in 
identifying  the  genes  responsible  for 
Caulobacter  sp.  holdfast  production  (38). 
The  holdfast  mediates  adhesion  between 
cells  and  adhesion  to  various  inert  substrata. 


Biomolecules  that  promote  detachment  of 
cells  from  surfaces 

Biopolymers  may  be  produced  not 
only  to  enhance  cell  adhesiveness  toward 
various  surfaces  of  inert  substrata,  but  may 
also  be  produced  to  induce  cell  detachment 
from  a  surface.  This  has  been  demonstrated 
for  Pseudomonas  sp.,  strain  S9  (39).  This 
marine  bacterium  produces  a  neutral 
extracellular  polysaccharide  during 
starvation  which  causes  the  cells  to  be 
released  from  hydrophobic  surfaces. 

Summary  and  conclusions 

The  approach  for  investigating  adhesion  of 
microbes  to  inert,  engineered  or  inert 
surfaces  has  been  dominated  by  theories 
which  treat  the  cells  as  objects  having 
overall  surface  characteristics  which  can  be 
used  to  predict  adhesion  behavior.  Within, 
the  last  twenty  years  it  has  become  apparent 
that  adhesion  to  biological  tissues  is 
regulated,  in  many  cases,  by  adhesins  which 
have  evolved  specialized  stereo-specific 
binding  pockets  for  particular  ligands.  The 
existence  of  biomolecules  which  have 
evolved  to  mediate  adhesion  to  inert 
substrata  is  documented,  especially  for 
adhesion  through  hydrophobic  interactions 
but,  in  general,  is  a  less  well  studied  area. 

A  molecular  level  approach  to 
biological  adhesion  to  inert  substrata 
involves  extensive  laboratory  investigation. 
At  this  stage  of  our  understanding,  an 
approach  that  utilizes  model  organisms  in 
well-defined  systems  should  be  employed  to 
maximize  the  chances  of  successfully 
identifying  the  biomolecules  that  mediate 
cell  adhesion  to  inert  substrata.  The  adhesive 
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biomolecules  must  be  isolated  and  purified 
in  sufficient  quantities  to  allow 
characterization  of  their  adsorption  behavior. 
Finally,  their  adsorption  behavior  should  be 
related  to  some  aspect  of  the  cell’s  adhesion 
behavior.  Despite  these  labor-intensive 
manipulations,  a  molecular  level  approach  to 
the  investigation  of  cell  adhesion  to  inert 
surfaces  is  tractable  and  may  reveal  that 
adhesins  have  evolved  to  employ  a  standard 
set  of  strategies  to  maximize  bonding  to 
particular  substrata.  The  identification  of 
these  strategies  could  lead  to  new  ideas  for 
antifouling  surface  coatings  or  for  molecular 
architectures  for  underwater  biomimetic 
adhesives.  At  a  more  fundamental  level,  it 
may  reveal  the  extent  to  which  surface 
associated  microbes  have  adapted  to  their 
environment  at  a  biochemical  level. 
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Hyphomonas  strain  MHS-3,  a  member  of  a  genus  of  primaiy  colonizers  of  surfaces  immersed  in  marine 
water,  synthesizes  two  structures  that  mediate  adhesion  to  solid  substrata,  namely,  capsular  exopolysaccharide 
and  fimbriae.  Specific  stains,  gold-labelled  lectins,  and  monoclonal  antibodies,  along  with  transmission  elec¬ 
tron  microscopy  of  synchronized  populations,  revealed  that  both  structures  are  polarly  and  temporally  ex¬ 
pressed.  The  timed  synthesis  and  placement  of  the  fimbriae  and  capsule  correlated  with  the  timing  and  locus 
of  MHS-3  adhesion. 


Members  of  the  marine  bacterial  genus  Hyphomonas  have  a 
biphasic  life  cycle;  swarm  cells  are  planktonic  entities,  and 
prosthecate  cells  are  sessile,  benthic  forms  (14).  These  organ¬ 
isms  are  primary  colonizers  of  surfaces  in  the  marine  environ¬ 
ment  (1,  3,  19,  38,  39,  42,  54)  and  are  important  because  they 
adhere  and  form  microcolonies  (8,  33)  which  modify  and  en¬ 
rich  the  surfaces.  Thus,  they  can  render  a  surface  more  suitable 
for  subsequent  attachment  of  heterotrophic  bacteria,  microal¬ 
gae,  fungi,  and  protozoans  (13, 17).  Such  an  adherent  commu¬ 
nity  can  have  profound  effects  on  the  subsequent  colonizatioil 
of  the  surface  by  invertebrates  and  on  its  ultimate  performance 
(5,  12,  56,  57). 

In  order  to  adhere,  bacteria  produce  extracellular  adhesive 
structures  that  bridge  repulsive  electrostatic  forces  on  sub¬ 
merged  substrata.  Functionally,  these  sfnictures  reduce  the 
effective  radius  of  interaction  between  the  surface  and  the  cell, 
thereby  lowering  the  energy  barrier  (32,  40).  Several  types  of 
proteinaceous  structures  may  mediate  transitory  (primary)  at¬ 
tachment  of  bacteria  to  surfaces.  Among  these  are  polar  fla¬ 
gella  (40, 61)  and  fimbriae  (27, 40).  Permanent  cementation  to 
surfaces  requires  the  synthesis  of  exopolysaccharides  (EPS)  (9, 
16,  32).  EPS  form  the  hydrated  matrix  in  which  multiple  layers 
of  cells  and  other  materials  become  embedded,  forming  a 
biofilm  (7).  It  has  also  been  suggested  that  bacterial  EPS  are 
involved  in  primaiy  adhesion  (12),  and  more  than  80%  of  the 
marine  bacteria  associated  with  deep-sea  aggregates  have  EPS 
capsules  (10). 

The  positions  of  polar  structures  in  bacteria  often  correlate 
with  physiological  function  (31).  A  number  of  different  species 
of  bacteria  produce  polar  adhesive  structures  (holdfasts),  lead¬ 
ing  to  cell  asymmetry  and  cell  attachment  in  a  distinct  orien¬ 
tation.  In  Thiothrix  spp.,  Seliberia  stellata,  and  members  of  the 
prosthecate  genera  Caulobacter  and  Asticcacaulis,  cells  attach 
to  inanimate  surfaces  and  to  one  another  (forming  rosette-like 
aggregates)  by  polar  production  of  fimbriae  and  EPS  holdfasts 
(22,  30,  42,  51,  59).  Several  members  of  the  prosthecate  genus 
Hyphomonas  and  the  related  genus  Hyphomicrobium  also  at¬ 
tach  polarly  to  surfaces  and  form  rosettes  (36,  55).  It  has  been 
theorized,  but  not  demonstrated,  that  a  Hyphomicrobium  cell 
adheres  via  a  polar  holdfast  opposite  the  prosthecum  (35). 
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Hyphomonas  strain  MHS-3  synthesizes  copious  amounts  of 
an  integral,  capsule-like  EPS,  which  is  associated  with  floccu¬ 
lation  in  broth  cultures  and  the  formation  of  thick  biofilms  on 
both  hydrophilic  and  hydrophobic  surfaces.  The  MHS-3  EPS 
capsule  has  been  observed  only  during  the  sessile  stage  (43), 
and  its  adhesive  properties  have  been  demonstrated  (43,  47). 
The  purified  polymer  has  been  partially  characterized;  one  of 
its  major  components  is  galactosamine  which  appears  to  be 
acetylated  (44).  In  this  paper,  we  show  that  adhesive  fimbriae 
and  capsular  EPS  are  expressed  both  polarly  and  temporally  by 
MHS-3  and  that  the  presence  and  location  of  these  structures 
correlate  with  the  previously  reported  timing  and  locus  of  cell 
adhesion  (43). 

MATERLU^  AND  METHODS 

Bacterial  strains,  media,  and  chemicals.  Wild-type  Hyphomonas  strain  MHS-3 
was  isolated  from  shallow-water  sediments  in  Puget  Sound  in  Washington  by  J. 
Smit  and  was  kindly  given  to  R.M.W.  Reduced-adhesion  (rad)  phase  variants 
were  isolated  on  the  basis  of  their  different  colony  morphology  on  agar  plates  and 
were  named  for  their  low  adhesion  to  surfaces  and  low  biohlm  production.  These 
strains  were  cultured  in  marine  broth  2216  (MB)  (54)  (37.4  ^iter;  Difeo  Lab¬ 
oratories,  Detroit,  Mich.)  at  25°C.  Marine  agar  contained  MB  and  2%  (wt^ol) 
agar. 

Electron  microscopy  stains  and  supplies  were  purchased  from  Electron  Mi¬ 
croscopy  Sciences  (Fort  Washington,  Pa.)  or  Sigma  Chemical  Co.  (St.  Louis, 
Mo.).  Other  chemicals  and  supplies  were  obtained  from  VWR  Scientific  (Bridge¬ 
port,  N.J.).  Copper  grids  (200  or  400  mesh)  were  used  for  electron  microscopy; 
all  grids  were  coated  with  collodion  and  then  coated  with  carbon  by  using  a  type 
MED  10  deposition  system  (Balzers  Union,  Fiirstentum,  Liechtenstein). 

Negative  staining.  Single  drops  of  MHS-3  were  placed  on  collodion-coated 
copper  grids,  cells  were  allowed  to  attach  for  1  min,  and  the  grids  were  blotted 
with  filter  paper.  To  negatively  stain  the  cells,  5  drops  of  1%  uranyl  acetate  were 
placed  on  the  grid  (for  <1  min)  and  then  blotted.  The  stained  cells  were 
observed  with  a  model  JEM-IOOCX  11  transmission  electron  microscope  (TEM) 
(JEOL  Ltd.,  Tokyo,  Japan), 

Preparation  of  whole-cell  antigen.  Cultures  (100  ml)  of  MHS-3  in  the  early 
stationary  phase  were  pelleted  by  centrifugation  (10,000  X  g),  resuspended  in  100 
ml  of  a  sterile  3%  NaCI  solution  containing  0.337%  formaldehyde,  incubated  at 
25‘’C  for  30  min,  washed  once  with  100  ml  of  3%  NaCl  and  twice  with  sterile  0.1 
M  phosphate-buffered  saline  (PBS),  and  resuspended  in  0.1  M  PBS  at  a  con¬ 
centration  of  approximately  1.25  mg  (dry  weight)/ml. 

Immunization  of  mice.  Six-week-old  BALB/c  mice  were  injected  intraperito- 
neally  (i.p.)  with  0.2  ml  of  a  1:1  mixture  of  whole  formalized  cells  (125  p.g  of  dry 
wild-type  cells)  and  complete  Freund’s  adjuvant.  The  mice  were  boosted  I.p,  with 
whole  cells  mixed  as  described  above  in  incomplete  Freund’s  adjuvant  five  times 
at  2-week  intervals.  The  serum  antibody  titer  was  monitored  3  days  after  each 
boost  by  performing  an  enzyme-linked  immunosorbent  assay  (ELISA)  (see  be¬ 
low).  If  the  antibody  titer  was  sufficient  (>10,000)  after  the  sixth  boost,  the  mice 
were  sacrificed  3  days  later. 

Production  of  MAbs.  The  weak  immunogen  method  of  Lane  et  al.  (28)  was 
used  for  spleenocyte  fusions  to  Sp2/0  myeloma  cells.  Hybridomas  were  grown, 
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FIG.  2.  Thin  section  of  polycationic  ferritin-treated  Hyphomonas  wlld-type  strain  MHS-3.  Note  the  presence  of  a  spatially  defined  capsule  on  the  body  of  the 
prosthecate  reproductive  cell  (arrowhead).  Bar  =  0.5  |im. 


screened,  cloned,  and  stored  in  liquid  nitrogen  as  described  elsewhere  (18).  The 
monoclonal  antibody  (MAb)  isotype  was  determined  by  using  a  Screentype 
isotyping  kit  (Boehringer  Mannheim  Biochemicals,  Indianapolis,  Ind.).  Ascites 
fluid  was  produced  by  using  6-week-old  BALB/c  mice  injected  i.p.  with  0.3  ml  of 
pri.stane  (18).  Antibodies  were  concentrated  by  ammonium  sulfate  precipitation 
(18).  Immunoglobulin  G  (IgG)  MAbs  were  purified  by  alfinity  chromatography 
with  a  MAC  protein  A  capsule  (Amicon,  Beverly,  Mass.)  and  were  concentrated 
by  using  Centriprep  concentrator  centrifuge  tubes  (Amicon). 

ELISA.  Serum  titers  and  hybridomas  were  initially  screened  by  an  ELISA  (15, 
52),  with  each  well  of  96-well  Falcon  flexible  microtiter  plates  coated  overnight 
at  4'’C  with  100  p.1  of  formalized  MHS-3  cells  (prepared  as  described  above)  in 
coating  buflPer  (10.6  g  of  Na2C03  per  liter;  pH  9.6).  For  serum  testing,  the  titer 
was  defined  as  the  largest  dilution  showing  a  strong  po.sitive  reaction,  and  only 
these  antibodies  were  examined  further. 

Screening  for  anti-MHS-3  LPS  MAbs.  Lipopolysaccharide  (LPS)  samples 
were  prepared  with  protease-treated  whole-cell  lysates  and  were  subjected  to 
sodium  dodecyl  sulfate-polyacrylamide  gel  electrophoresis  by  a  modification  of 
the  method  of  Hitchcock  and  Brown  (20).  Lanes  were  loaded  with  the  equivalent 
of  100  |xg  (dry  weight)  of  whole  cells.  In  the  control  gels,  LPS  was  stained  by  the 
silver  staining  method  of  Tsai  and  Frasch  (48),  as  modified  by  Hitchcock  and 
Brown  (20),  in  order  to  identify  the  MHS-3  LPS  band  pattern.  Other  gels  were 
blotted  onto  nitrocellulose  membrane  fillers  (model  2117-250  Novablot  electro¬ 
phoretic  transfer  kit;  Pharmacia  LKB)  by  using  continuous  transfer  buffer  (39 
mM  glycine,  48  mM  Tris,  0.375%  [wt/vol]  sodium  dodecyl  sulfate,  20%  [vol/vol] 
methanol)  and  140  niA. 

To  screen  for  anti-LPS  MAbs,  LPS-loaded  nitrocellulose  strips  were  blocked 
(or  1  h  with  5%  skim  milk  (Difeo)  in  PBS  buffer  and  then  individually  incubated 
for  2  to  12  h  with  50  ml  of  5%  skim  milk  (in  PBS)  containing  2  to  5  ml  of 
supernatant  from  positive  hybridoma  cell  lines.  The  blots  were  washed  three 
limes  with  PBS  and  incubated  for  2  h  with  hor.seradish  peroxidase-labelled  goat 
anti-mouse  IgG  secondary  antibody  (GIBCO  BRL,  Grand  Island,  N.Y.)  diluted 
1:2,0(M)  in  milk-PBS.  The  strips  were  washed  three  times  with  PBS  and  incubated 
for  10  to  20  min  in  50  nil  of  peroxidase  substrate  bufl'cr  (1  ml  of  2  M  Tris  [pH  8.0], 
20  mg  of  4-chloro-l-naphlhol,  10  ml  of  30%  hydrogen  peroxide,  and  49  ml  of 
distilled  H2O).  Strips  that  developed  band  patterns  identical  to  the  pattern 
tibtaincd  with  the  LPS  silver  slain  were  considered  positive,  and  the  hybridoma 
cell  lines  were  cloned  and  examined  further.  The  hybridoma  ultimately  selected 
for  this  study  produced  an  IgG2A  kappa  light  chain. 


Im  mu  noelectron  microscopy.  Cells  were  placed  on  collodion-coated  copper 
grids  (see  above)  and  blocked  for  10  min  with  5%  skim  milk  in  PBS,  and  then  the 
grids  were  inverted  on  1  drop  of  a  1:750  anti-MHS-3  LPS  MAb-skim  milk 
solution  for  10  min.  The  grids  were  rinsed  by  inverting  them  on  2  successive 
drops  of  skim  milk,  placed  on  1  drop  of  1:10  gold-conjugated  protein  A  in  skim 
milk  (15-nm  colloidal  gold  particles),  and  incubated  for  10  to  30  min  to  allow  the 
protein  A  to  bind  the  IgG  bound  to  the  MHS-3  cell  surface.  Finally,  the  grids 
were  rinsed  by  inverting  them  on  4  to  6  successive  drops  of  distilled  H2O  (10  to 
20  s  each)  and  then  observed  with  a  model  JEM-IOOCX  II  TEM  (JEOL  Ltd.). 

Thin  sectioning.  Cells  were  fixed  by  adding  glutaraldehyde  to  mid-log-phase 
cultures  of  wild-type  MHS-3  and  rad  phase  variants  (final  concentration  of 
fixative,  1%),  incubated  for  2  h  at  25°C,  and  washed  twice  with  lx  PBS.  Cell 
pellets  were  resuspended  in  1  ml  of  ix  PBS  and  mixed  with  an  equal  volume  of 
molten  agar  (4%,  45°C),  which  was  placed  on  Parafilm  and  allowed  to  harden. 
The  agar  was  cut  into  1-  to  3-mm''  blocks,  which  were  dehydrated  by  using  a 
graded  .scries  of  ethanol  dilutions  (30,  50,  and  70%  [twice],  30  min  at  each 
dilution),  placed  in  microcentrifuge  tubes  containing  LR  White  resin  (LRW)  and 
70%'  ethanol  (2:1)  for  30  min,  incubated  with  LRW  for  1  h,  transferred  to  tubes 
containing  fresh  LRW,  incubated  overnight  at  25°C,  transferred  to  tubes  con¬ 
taining  fresh  LRW  again,  and  incubated  for  1  h.  Finally,  the  blocks  were  placed 
in  gelatin  eapsulcs  with  fresh  LRW  and  incubated  in  a  vacuum  oven  at  50“C  for 
72  h  to  allow  the  resin  to  polymerize. 

Each  gelatin  capsule  was  removed  from  the  polymerized  resin,  trimmed  with 
a  blade  to  expose  the  agar  block  region  containing  the  embedded  cells,  and  cut 
to  make  a  I-mm“  face.  Thin  sections  (50  to  70  nm  thick)  were  obtained  with  a 
model  FC4E  Ultracut  E  microtome  (Reichert-Jung,  Vienna,  Austria)  equipped 
with  a  diamond  knife  (Du  Pont  Co.,  Wilmington,  Del.).  For  immunostaining,  the 
.sections  were  blocked  with  5%  skim  milk  and  treated  with  anti-MHS-3  LPS  MAb 
and  protein  A-gold  as  described  above  for  whole  cells. 

Labelling  of  capsule  with  polycationic  ferritin.  The  procedure  used  to  label 
capsule  with  polycationic  ferritin  was  a  modification  of  the  protocol  described  by 
Jacques  and  Foiry  (25).  Briefly,  mid-log-p ha.se  cultures  of  MHS-3  were  fixed  with 
glutaraldehyde  as  described  above.  The  (ixed  bacteria  were  resuspended  in  ca- 
codylatc  buffer  (0.1  M  sodium  cacodylatc,  pH  7.0)  and  treated  with  polycationic 
ferritin  (final  concentration,  1.0  mg/ml)  for  .30  min  at  25'’C.  The  reaction  was 
slowed  by  diluting  the  preparation  10-fold  with  buffer,  and  the  cells  were  cen¬ 
trifuged  and  washed  three  times  with  cacodylatc  buffer.  The  bacteria  were  mixed 
with  molten  agar,  embedded  in  LRW.  and  thin  sectioned  as  described  above. 


FIG.  3.  Immunoclcctron  microscopy  of  thin  sections  of  Hyphomonas  wild-type  strain  MHS-3  (A)  and  the  rad  strain  (B)  treated  with  polycationic  ferritin  by  using 
anti-LPS  MAb.  Whole  cells  were  stained  with  polycationic  ferritin,  fixed,  embedded,  and  thin  sectioned;  the  thin  sections  were  exposed  to  the  MAb.  In  wild-type  strain 
MHS-3  the  outer  edge  of  the  EPS  capsule  is  delineated  by  polycationic  ferritin  binding  (large  arrowhead),  while  the  outer  membrane  is  clearly  delineated  by  the  binding 
of  the  MAb-protein  A-gold  complexes  (small  arrowhead).  In  the  MHS-3  rad  strain  polycationic  ferritin  bound  to  the  outer  membrane  of  the  cell  (large  arrowhead), 
as  did  anti-LPS  MAb  (small  arrowhead),  indicating  that  no  capsule  was  present.  Bars  =  0.5  |xm. 
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Lectin-gold  labelling  of  capsular  EPS.  The  procedure  used  for  lectin-gold 
labelling  of  capsular  EPS  was  carried  out  as  reported  previously  (43).  Gold- 
labelled  Bauhinia  purpurea  lectin  (BPA-Au)  (10-nm  gold  particles;  EY  Labora¬ 
tories,  Inc.,  San  Mateo,  Calif.)  was  used  to  visualize  MHS-3  capsular  EPS. 
Briefly,  1  drop  of  a  mid-log-phase  culture  was  placed  on  a  collodion-coated 
copper  grid,  incubated  at  room  temperature  for  1  min,  blocked  with  a  solution 
containing  5%  bovine  serum  albumin  in  0.1  M  PBS  for  5  to  10  min,  incubated 
with  a  1:10  dilution  of  BPA-Au  in  5%  bovine  serum  albumin  for  10  to  15  min, 
and  then  rinsed  five  times  with  distilled  water.  The  grids  were  observed  with  the 
TEM. 

Synchronization  of  Hyphomonas  strain  MHS-3  cultures.  An  effective  protocol 
to  isolate  MHS-3  swarm  cells  is  a  modification  of  the  differential  size  separation 
procedure  used  by  Wali  et  al.  (53)  to  synchronize  cultures  of  Hyphomonas 
neptunium.  Briefly,  an  early-  to  mid-log-phase  broth  culture  of  MHS-3  was 
chilled  on  ice  and  centrifuged  at  2,500  X  g  for  3  to  5  min  to  pellet  large  floes  and 
cell  aggregates.  The  pellet  was  discarded,  and  the  chilled  supernatant  was  passed 
through  sterile  1.2-p,m-pore-size  membrane  filters  (Millipore  Corp.,  Bedford, 
Mass.).  Prosthecate  cells  were  retained  by  the  filters,  and  the  filtrates,  containing 
the  swarm  cells,  were  pooled  and  pelleted  by  centri^gation  (16,000  x  g,  30  min, 
4®C).  The  pellet  was  resuspended  in  10  ml  of  MB  to  start  a  synchronous  culture 
at  ZS^C.  These  manipulations  yielded  a  highly  synchronous  population;  however, 
they  also  caused  a  lag  period  of  approximately  90  min  (14,  53). 

Once  the  synchronous  culture  was  initiated,  400-p.l  aliquots  were  removed  at 
15-min  intervals,  placed  in  microcentrifuge  tubes  with  either  glutaraldehyde 
(final  concentration,  1%)  or  sodium  azide  (final  concentration,  0.02%),  and 
stored  at  4®C.  Glutaraldehyde  was  not  used  as  a  fixative  for  cells  labelled  with 
lectin-gold  because  it  interfered  with  the  binding  of  the  conjugate  to  the  MHS-3 
capsule.  Cells  at  different  stages  of  development  were  negatively  stained  with 
uranyl  acetate  and  labelled  with  lectin-gold  as  described  above. 

RESULTS 

The  location  of  the  EPS  capsule  on  Hyphomonas  strain 
MHS-3  was  determined  by  immunoprobing  with  EPS-specific 
stains  and  the  TEM.  An  EPS-deficient  mutant  of  MHS-3  (a  rad 
strain  [43])  was  used  as  the  negative  control.  The  body,  pros- 
thecum,  and  bud  were  easily  recognized  in  each  prosthecate 
reproductive  cell.  In  wild-type  cells,  MAb  bound  to  swarm  cells 
and  to  the  prosthecum,  but  not  the  body,  of  a  prosthecate 
reproductive  cell  (Fig.  lA).  In  a  control  rad  strain  cell,  the 
MAb  bound  everywhere,  including  the  body  (Fig.  IB).  Fur¬ 
thermore,  when  wild-type  cells  were  sheared  in  a  blender  in  the 
presence  of  EDTA  to  remove  most  of  the  capsular  EPS,  anti- 
LPS  MAb  also  bound  to  the  bodies  of  prosthecate  reproduc¬ 
tive  cells  (data  not  shown).  We  interpreted  these  results  to 
mean  that  the  EPS  capsule  blocked  access  of  MAb  to  the  outer 
membrane  of  the  body  of  a  wild-type  cell.  Thus,  anti-LPS  MAb 
served  as  a  negative  stain  for  the  capsule,  which  was  found  to 
surround  only  the  main  body  of  each  wild-type  prosthecate 
cell. 

The  same  results  were  obtained  when  MHS-3  cells  were 
treated  with  polycationic  ferritin  prior  to  fixing,  embedding, 
and  sectioning  (Fig.  2).  The  polycationic  ferritin  penetrated 
the  EPS  capsule  just  enough  to  reveal  its  outer  edge.  When 
these  cells  were  thin  sectioned  and  then  treated  with  anti-LPS 
MAb,  the  outer  membrane  was  delineated,  revealing  that  it 
was  covered  by  the  capsule  (Fig.  3A),  which  was  calculated  to 
be  200  to  300  nm  in  diameter  (by  using  the  average  diameter 
of  the  15-nm  gold  particles  as  a  reference).  When  the  same 
experiment  was  repeated  with  the  rad  strain,  the  anti-LPS 
MAb  and  the  polycationized  ferritin  each  bound  in  the  same 
location,  the  site  of  the  outer  membrane  (Fig.  3B). 

The  temporality  of  capsule  elaboration  during  the  relatively 
complex  life  cycle  of  Hyphomonas  strain  MHS-3  was  ascer¬ 
tained  by  using  synchronous  cultures.  The  postulated  MHS-3 
biphasic  developmental  cycle  is  diagrammed  in  Fig.  4.  Gener¬ 
ation  I  swarm  (S  I)  cells  required  30  min  for  maturation  and 
initiation  of  prosthecal  outgrowth  and  capsule  deposition 
(swarm  maturation  period),  which  occurred  concurrently  (Fig. 

4  and  5).  The  EPS  appeared  to  be  uniformly  exported  over  the 
entire  surface  of  the  developing  prosthecate  reproductive  cell. 
In  Fig.  5 A,  which  shows  two  adjacent  young  prosthecate  re- 
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FIG.  4.  Timing  of  morphogenesis  during  synchronous  growth  of  Hyphomo¬ 
nas  strain  MHS-3.  S I  cells,  S II  cells,  and  the  first  prosthecal  generation  (P  I)  are 
shown.  The  experimentally  induced  lag  period  was  factored  out. 


productive  cells,  the  onset  of  the  timing  of  these  processes  is 
underscored.  One  cell  was  completely  labelled  with  the  MHS-3 
capsular  EPS-specific  lectin,  BPA-Au,  while  the  other  cell  was 
not  labelled  (onset  of  capsule  deposition).  This  difference  was 
also  revealed  by  using  anti-LPS  MAbs.  Only  the  nascent  pros- 
thecae  of  cells  at  the  same  time  point  bound  anti-LPS  MAbs 
(Fig.  5B),  leading  to  the  conclusion  that  the  onset  of  capsule 
deposition  coincides  with  the  initiation  of  prosthecal  synthesis. 
S  I  prosthecate  cells  formed  buds  at  120  ±  15  min.  After  150 
min,  S  I  cells  were  fully  developed  reproductive  cells  that 
budded  at  the  distal  ends  of  their  prosthecae  (bud  maturation 
period,  30  min).  The  generation  II  swarm  (S  II)  cells  were 
released  by  the  prosthecate  reproductive  cells  at  165  ±  15  min 
during  the  synchronous  cycle. 

During  the  second  swarm  cell  generation  (S  II)  (Fig.  4) 
swarm  cells  matured  and  initiated  prosthecal  outgrowth  and 
capsule  deposition  within  30  min  after  they  were  released,  as 
they  had  during  the  first  generation.  New  buds  formed  approx¬ 
imately  90  min  into  the  S II  phase.  One  unexpected  generation 
II  event,  not  observed  during  the  first  generation,  occurred  at 
195  ±  15  min.  Polar  fimbriae  were  synthesized  on  the  main 
body  of  each  nascent  reproductive  cell  (Fig.  6A).  The  fimbriae 
and  capsule  were  produced  simultaneously  by  the  young  pros¬ 
thecate  reproductive  cells.  Fimbriae  were  still  evident  at  225  ± 
15  min  (Fig.  6B),  after  which  they  were  no  longer  observed  on 
cells  in  subsequent  S  II  stages.  Thus,  fimbrial  elaboration  in 
MHS-3  was  confined  to  the  swarm  cell-to-prosthecate  cell  tran¬ 
sition;  fimbriae  were  present  only  during  approximately  30  min 
of  the  developmental  cycle  (<20%  of  the  time).  In  parallel 
experiments,  synchronously  cultured  MHS-3  rad  cells  did  not 
produce  any  capsular  EPS  at  any  stage  of  the  life  cycle.  How¬ 
ever,  they  did  produce  fimbriae  during  the  same  stages  of 
the  life  cycle  in  which  fimbriae  were  produced  by  the  wild- 
type  strain. 

The  prosthecal  generation  was  also  monitored  (Fig.  4).  Ap¬ 
proximately  90  ±  15  min  (180  to  270  min)  was  required  for  a 
prosthecate  cell  from  the  first  generation  to  produce  a  second 
swarm  cell  (period  of  swarm  maturation  and  separation). 
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FIG.  5.  Initiation  of  capsular  EPS  synthesis  by  Hyphomonas  wild-type  strain  MHS-3  in  synchronous  culture.  The  cell  stages,  labelled  with  BPA-Au  (A)  and  anti-LPS 
MAb  (B),  correspond  to  15  ±  15  min  for  S  I  cells  and  195  ±  15  min  for  S  II  cells.  EPS  is  deposited  all  over  the  body  of  the  young  prosthecate  reproductive  cells,  as 
indicated  by  the  binding  pattern  of  BPA-Au  (A)  and  the  localized  binding  of  the  MAb  (B),  where  only  the  nascent  prosthecae  are  labelled.  The  timing  of  capsule 
deposition  is  readily  apparent  in  panel  A,  in  which  one  cell  is  heavily  labelled  with  BPA-Au  while  the  other  cell,  which  is  just  beginning  to  excrete  EPS,  is  lightly  labelled. 
Bars  =  1  p-m. 
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FIG.  6.  Uranyl  acetate-stained  Hyphomonas  wild-type  strain  MHS-3  from  a  synchronous  culture,  showing  polar  fimbria!  production  by  young  prosthecatc 
reproductive  cells.  The  cell  stages  shown  correspond  to  195  ±  15  min  (A)  and  225  ±  15  min  (B)  for  S  II  cells.  These  are  the  only  stages  in  which  fimbriae  are  found 
on  MHS-3.  Bars  =  0.5  p,m. 


VoL.  64,  1998 


EPS  CAPSULE  AND  FIMBRIAE  OF  HYPHOMONAS  STRAIN  MHS-3  1253 


FIG.  7.  Representation  of  the  Hyphomonas  strain  MHS-3  developmental 
cycle,  showing  the  temporality  and  polarity  of  capsule  and  fimbria  expression. 


DISCUSSION 

This  is  the  first  report  of  temporal  and  spatial  deposition  of 
capsular  EPS  in  the  genus  Hyphomonas.  In  strain  MHS-3,  it 
was  found  by  using  negative  immunoelectron  microscopy  prob¬ 
ing  with  anti-LPS  MAb  and  EPS-specific  stains  that  a  capsule 
is  synthesized  only  by  prosthecate  reproductive  cells  and  only 
on  the  main  body  of  a  reproductive  cell.  These  observations 
were  verified  in  a  synchronous  culture,  in  which  the  temporal¬ 
ity  and  polarity  of  fimbrial  synthesis  were  also  observed.  These 
findings  are  summarized  in  Fig.  7. 

It  was  confirmed  by  indirect  immunostaining  and  direct  fer¬ 
ritin  staining  that  rad  variants,  which  spontaneously  arise  at  a 
low  frequency  (43),  do  not  synthesize  observable  capsules,  as 
hypothesized  previously  (43)  on  the  basis  of  results  obtained 
with  direct  lectin  (BPA-Au)  probes.  The  rad  offspring  may  be 
less  likely  to  be  trapped  in  biofilms  than  the  wild-t^e  offspring, 
which  would  be  advantageous  in  species  dispersal. 

Most  EPS  capsules  are  highly  hydrated  and  require  special 
treatment  to  stabilize  their  structure  during  fixation.  During 
the  graded  specimen  dehydration  step  required  for  embedding, 
most  capsules  usually  collapse,  and  subsequent  exposure  to 
water  fails  to  rehydrate  the  precipitated  EPS  (2).  Several  tech¬ 
niques  involving  antibody  cross-linking,  Lowcryl  resin  imbed¬ 
ding,  or  cationic  ferritin  binding  have  been  developed  to  pre¬ 
serve  the  structure  of  capsules  (2).  In  the  case  of  MHS-3, 
although  polycationic  ferritin  was  used  to  label  the  outline  of 
the  capsule,  it  did  not  penetrate  and  bind  the  entire  cross 
section  of  the  capsule  enough  to  stabilize  it  (Fig.  2),  Further¬ 
more,  thin  sections  of  wild-type  cells  that  were  not  treated  with 
polycationic  ferritin  revealed  the  faint  outline  of  a  well-pre¬ 
served  capsule  after  staining  with  uranyl  acetate  (data  not 
shown).  TTiis  suggests  that  standard  glutaraldehyde  foation  is 
sufficient  to  preserve  the  MHS-3  capsular  structure.  Moreover, 
the  EPS  capsules  of  marine  bacteria  are  naturally  stabilized  by 
absorbing  metals  and  are  readily  observed  by  TEM  after  glu- 
taraldehyde  fixation  and  embedding,  with  or  without  the  use  of 
heavy-metal  stains  (10). 

Since  the  MHS-3  capsule  blocks  penetration  of  anti-LPS 
MAb  (Fig.  lA)  and  polycationic  ferritin  (Fig.  2),  it  is  probably 
an  effective  molecular  sieve.  The  anti-LPS  MAb  used  was  a 
mouse  IgG  which  has  an  approximate  molecular  weight  of 
150,000.  The  molecular  weight  of  horse  spleen  ferritin  (used  to 


FIG.  8.  Representation  of  fimbrial  retraction  during  the  process  of  adhesion 
of  Hyphomonas  strain  MHS-3  to  surfaces.  Fimbriae  putatively  mediate  long- 
range,  primary  binding  to  surfaces,  retract,  and  bring  the  EPS  adhesin  involved 
in  permanent  attachment  in  contact  with  the  surface. 


manufacture  polycationic  ferritin)  is  approximately  445,000. 
There  is  a  long-held  belief  that  EPS  capsules  of  pathogenic 
bacteria  interfere  with  host  defense  mechanisms,  antibodies, 
and  complement  via  masking  mechanisms,  rendering  binding 
sites  physically  inaccessible  (11).  EPS  capsules  have  been  listed 
as  virulence  factors  in  pathogenic  bacteria  precisely  because 
they  prevent  antibodies  from  binding  to  membrane  epitopes 
(37).  Such  capsules  are  found  on  clinical  isolates  of  Staphylo¬ 
coccus  aureus  and  were  identified  by  using  EPS-specific  MAbs 
to  immunostain  thin  sections  after  standard  fixation,  dehydra¬ 
tion,  and  embedding  procedures  (21),  without  any  special  cap¬ 
sule  stabilization  procedure.  While  MHS-3  is  not  a  mammalian 
pathogen,  its  capsule  also  thwarts  antibody  binding  to  target 
sublayers  (e.g.,  LPS). 

Few  other  prokaryotes  produce  polar  adhesive  EPS.  Previ¬ 
ously  published  reports  indicate  that  Caulobacter  spp.  (42), 
Asticcacaulis  biprosthecum  (51),  Thiothrix  spp.  (30,  59),  S.  stel- 
lata  (22),  and  Bradyrhizobium  japonicum  produce  these  mole¬ 
cules  (31,  49,  50).  The  presence  of  an  EPS  holdfast  has  been 
inferred  but  not  demonstrated  in  Hyphomicrobium  spp.  (36). 
The  MHS-3  capsule  is  not  just  unusual;  it  is  unique  among  the 
examples  cited  above  because  it  is  an  extensive,  integral  EPS 
capsule,  while  the  other  structures  are  not. 

S  I  cells  required  165  ±  15  min  to  develop  into  mature 
prosthecate  reproductive  cells  and  release  progeny.  The  only 
difference  in  the  timing  of  S  I  and  S  II  cells  was  in  the  pros- 
thecal  elongation  period;  S  I  cells  required  90  min,  which  was 
30  min  longer  than  S  II  cells  required.  Swarm  cell  maturation 
and  release  required  a  little  more  than  30  min  in  each  of  the 
stable  synchronous  generations  (Fig.  4).  In  Hyphomonas  strain 
MHS-3,  the  hyphal  growth  period  required  a  greater  percent¬ 
age  of  the  cell  cycle  time  than  the  percentage  reported  for 
Hyphomicrobium  neptunium  under  similar  growth  conditions 
(53).  For  the  first  time,  it  was  found  by  observing  cells  in 
synchronous  cultures  that  the  production  of  the  capsule  in  the 
genus  Hyphomonas  is  a  temporally  regulated  event  which  is 
linked  to  major  physiological  and  morphological  changes  dur¬ 
ing  the  transition  from  swarm  cells  to  prosthecate  cells.  Thus, 
MHS-3  appears  to  be  a  member  of  a  group  of  prosthecate 
bacteria  in  which  the  production  of  EPS  is  temporally  gov¬ 
erned  by  an  obligate  life  cycle  and  occurs  at  specific  stages  of 
development.  In  contrast,  in  most  other  genera,  the  biosynthe¬ 
sis  of  EPS  is  regulated  by  nutritional  (26,  62)  and  environmen¬ 
tal  (4)  cues. 

This  is  also  the  first  report  of  fimbrial  production  in  Hy¬ 
phomonas,  one  of  several  genera  that  produce  polar  fimbriae. 
These  fimbriae  are  expressed  at  a  very  specific  stage  during  the 
transition  from  swarm  cells  to  prosthecate  cells  (Fig.  6A).  A 
close  examination  revealed  that  the  fimbriae  vary  in  diameter 
along  their  length,  from  about  5.0  to  8.0  nm,  suggesting  that 
they  are  flexible  (58).  Polar  fimbriae  of  Pseudomonas  aerugi¬ 
nosa  have  been  implicated  in  adhesion  to  mammalian  tissues 
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during  pathogenesis  (60,  63)  and  to  solid  surfaces,  such  as 
stainless  steel  and  polystyrene  (23).  Interestingly,  Thiothrix 
spp.,  Caulobacter  spp.,  and^.  biprosthecum  also  produce  polar 
tufts  of  fimbriae  at  the  same  locus  as  the  holdfast  (30,  42,  51, 
59). 

The  primary  role  of  fimbriae  is  to  mediate  bacterial  adhesion 
to  inanimate  surfaces  or  to  other  cells.  They  help  negatively 
charged  bacteria  bind  to  negatively  charged  substrata,  bridging 
the  electrostatic  repulsive  forces  in  accordance  with  the  DLVO 
theory  (bodies  with  very  small  radii  experience  less  repulsion) 
(40).  It  has  been  proposed  that  fimbriae  mediate  primary 
(transitory)  adhesion  and  that  EPS  promotes  irreversible  at¬ 
tachment  to  surfaces  (16,  32).  The  experimental  results  ob¬ 
tained  with  MHS-3  are  consistent  with  this  hypothesis,  except 
that  it  is  possible  that  MHS-3  EPS  mediates  primary  adhesion 
as  well  as  permanent  cementation,  since  both  wild-t}pe  and  rad 
strains  produce  fimbriae,  but  the  wild-type  (EPS-positive)  cells 
adhere  better  (43).  Similar  results  have  been  reported  for^. 
biprosthecum,  in  which  holdfast  mutants  failed  to  attach  to 
surfaces  (51).  Thiothrix  spp.  attach  to  ciliated  protozoa  (34) 
and  to  one  another  (30)  by  means  of  EPS  holdfasts.  In  Thio¬ 
thrix  nivea,  the  initial  attachment  step  involves  the  fimbriated 
pole  and  is  followed  by  the  production  of  a  holdfast  (30). 
Another  line  of  evidence  which  supports  the  importance  of  the 
capsule  in  primary  adhesion  is  the  transitory  appearance  of 
MHS-3  fimbriae.  MHS-3  adheres  at  times  when  the  fimbriae 
are  not  expressed. 

In  Caulobacter  crescentus,  fimbriae  are  functionally  ex¬ 
pressed  during  the  swarm  cell  stage  and  disappear  when  a 
swarm  cell  differentiates  into  a  prosthecate  cell  (29).  Although 
the  pilin  monomer  is  present  inside  the  cell  throughout  the 
entire  Caulobacter  life  cycle  (29),  the  fimbriae  are  assembled 
after  separation  of  the  swarm  cell  from  the  prosthecate  cell 
(46).  In  MHS-3,  as  in  C.  crescentus,  fimbriae  are  not  shed  into 
the  culture  medium,  suggesting  that  they  are  probably  also 
retracted  into  the  cells  (29,  46).  Escherichia  coli.  Pseudomonas 
aeruginosa,  and  C.  crescentus  have  been  shown  to  have  retract¬ 
able  fimbriae  by  using  fimbria-specific  bacteriophages  to  in¬ 
hibit  retraction  (6,  25, 46).  In  the  case  of  Pseudomonas  syringae 
pv.  phaseolicola,  fimbria  retraction  pulls  fimbria-associated 
bacteriophage  f  6  through  the  EPS  of  the  host  and  brings  it  into 
contact  with  the  outer  membrane,  where  membrane  fusion  can 
take  place  (45).  Fimbria  retraction  may  be  a  mechanism  to 
bring  cells  closer  to  the  surface  once  attachment  has  occurred 
(27).  In  contrast,  >1.  biprosthecum  and  other  bacteria  shed  their 
fimbriae  (41). 

The  temporal  and  spatial  regulation  of  the  adhesive  struc¬ 
tures  of  MHS-3  can  be  correlated  with  putative  function  (43). 
MHS-3  appears  to  synthesize  capsular  EPS  and  fimbriae  si¬ 
multaneously.  The  value  of  these  events  as  an  attachment 
strategy  could  be  that  two  chemically  distinct  adhesive  mole¬ 
cules  are  presented,  which  should  allow  interactions  with  a 
wide  array  of  surfaces.  MHS-3  fimbriae  are  1,000  to  2,000  nm 
long,  and  the  EPS  capsule  is  200  to  300  nm  thick.  Alternatively, 
fimbriae  could  mediate  long-range,  primary  binding  to  sur¬ 
faces,  since  they  extend  beyond  the  EPS  capsule  and  can  tether 
the  cell  to  the  surface  and  then  retract  and  bring  the  EPS 
adhesive  capsule  in  contact  with  the  surface,  as  represented  in 
Fig.  8. 

Species  that  synthesize  polar  adhesive  structures  in  lieu  of 
surrounding  capsules  could  conserve  energy.  Furthermore,  ad¬ 
hesive  structures  (fimbriae,  EPS)  could  foster  polar  attach¬ 
ment  to  surfaces,  another  potential  survival  advantage.  This  is 
exemplified  by  starved  marine  Vibrio  strain  DWl,  which  at¬ 
taches  perpendicularly  to  surfaces  by  an  as-yet-unknown  mech¬ 
anism.  During  cell  division,  the  original  cells  (analogous  to  the 
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MHS-3  prosthecate  reproductive  cells)  remain  attached,  while 
the  progeny  cells  detach  and  become  planktonic  (32).  This 
strategy  is  even  more  favorable  for  members  of  the  genus 
Hyphomonas,  since  each  swarm  cell  is  released  at  the  distal  tip 
of  the  prosthecum,  further  elevating  the  cell.  Therefore,  pros¬ 
thecate  cells  could  release  motile  swarm  cells  closer  to  the 
water  interface  of  the  biofilm  and  into  the  water  column  to 
colonize  new  substrata. 
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Hyphomonas  MHS-3  (MHS-3)  elaborates  a  diffuse  capsular 
material,  primarily  composed  of  polysaccharide,  which  has  been 
implicated  to  serve  as  the  holdfast  of  this  prosthecate  marine 
bacterium.  A  purified  poljrsaccharide  (fr2ps)  from  this  capsular 
material  exhibits  a  relatively  large  affinity  for  (Ge),  or  more  pre¬ 
cisely  for  the  Ge  oxide  surface  film.  In  its  natural  habitat  MHS-3 
attaches  to  marine  sediments.  This  suggests  that  molecular  prop¬ 
erties  of  fr2ps  have  evolved  to  render  it  adhesive  toward  mineral 
oxides.  In  order  to  characterize  these  molecular  interactions,  the 
effect  of  divalent  cations  and  pH  on  the  adsorption  of  fr2ps  to  Ge 
has  been  measured  using  attenuated  total  internal  reflection  Fou¬ 
rier  transform  infrared  (ATR/FT-IR)  spectroscopy.  The  effect  of 
adsorption  of  fr2ps  on  the  Ge  oxide  film  has  been  investigated 
using  X-ray  photoelectron  spectroscopy  (XPS).  The  results  indi¬ 
cate  that  divalent  cations  participate  in  binding  of  fr2ps  to  Ge 
oxide  and  that  atomic  size  of  the  cation  is  important.  Evidence  for 
significant  participation  of  hydrogen  bonding  to  the  oxide  surface 

is  lacking.  O  1998  Academic  Press 

Key  Words:  adhesion;  bacteria;  polysaccharide;  adsorption;  di¬ 
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INTRODUCTION 

Attachment  of  microorganisms  to  inert  surfaces  has  been 
investigated  in  numerous  publications  [for  reviews  see  (1-3)]. 
While  proteins  are  known  to  mediate  adhesion  of  microbes  to 
biological  surfaces  in  specialized  ecosystems,  presumably 
through  stereospecific  interactions  (4-6),  the  adhesins  and  the 
molecular  mechanisms  involved  in  attachment  of  microbes  to 
inert  surfaces  have  not  been  as  well  characterized;  however, 
there  is  evidence  that  specialized  proteins  (7,  8),  polysaccha¬ 
rides  (9,  10),  and  glycoproteins  (11)  have  evolved  to  serve  this 
purpose.  In  general,  adsorption  of  globular  proteins  to  inert 
surfaces  is  thought  to  be  influenced  by  a  large  contribution 
from  internal  rearrangements  (conformational  changes)  (12- 
14).  Polysaccharides,  as  well  as  proteins  lacking  substantial 
secondary  and  tertiary  structure,  arc  more  “deformable”  (15) 
and  therefore  may  provide  a  versatile  set  of  interactions  which 

*  To  whom  correspondence  should  be  addressed. 


are  directly  related  to  functional  group  chemistry  (16),  and  can 
be  catered  to  serve  specific  types  of  adhesive  functions  to  inert 
surfaces.  In  support  of  this  assertion  there  is  evidence  that 
polysaccharides  may  have  properties  which  are  exploited  by 
cells  for  either  attachment  to  (17),  or  detachment  from  (18), 
inert  surfaces. 

The  Deijaguin-Landau-Verwey-Overbeek  (DLVO)  theory 
of  colloidal  stability  predicts  that  biological  cells,  whose  en¬ 
velopes  typically  have  a  net  negative  charge,  cannot  approach 
closer  than  the  secondary  minimum,  about  10-20  nm,  from  a 
typical  (negatively  charged)  surface  (19).  Originating  from  this 
prediction  is  the  hypothesis  that  cells  utilize  appendages  to 
breach  this  electrostatic  barrier,  in  order  to  induce  irreversible 
attachment  (20),  In  some  cases  proteinaceous  fimbriae  have 
been  shown  to  provide  this  bridge  (21,  22).  Extracellular  poly¬ 
saccharides  are  invariably  a  major  component  of  the  polymeric 
matrix  of  most  mature  biofilms  (23).  Cells  that  elaborate  an 
extracellular  capsular  polysaccharide  while  still  in  suspension 
could  presumably  utilize  this  as  an  appendage  to  initiate  irre¬ 
versible  attachment. 

In  a  number  of  previous  studies,  evidence  has  been  pre¬ 
sented  indicating  that  the  marine  bacterium,  Hyphomonas 
MHS-3  (MHS-3),  utilizes  a  diffuse  extracellular  capsular  ma¬ 
terial  to  bind  to  inert  surfaces  (24-26).  A  polysaccharide 
component  of  this  capsular  material  (fr2ps)  has  been  isolated 
and  partially  characterized.  Studies  of  its  adsorption  behavior 
indicated  fr2ps  bound  relatively  strongly  to  an  oxide  surface 
(germanium)  when  ranked  against  an  acidic  polysaccharide 
(alginate),  globular  blood  proteins,  and  a  disordered  protein 
which  is  a  primary  component  of  a  natural  marine  epoxy  resin. 
Adsorption  behavior  of  fr2ps  to  various  substrata  was  consis¬ 
tent  with  attachment  preference  of  whole  cells:  In  its  normal 
habitat,  MHS-3  is  likely  to  encounter  mineral  surfaces  and 
attach  to  them  as  part  of  its  prosthecate  lifecycle.  Adsorption  of 
organic  molecules  to  mineral  surfaces  is  thought  to  occur 
primarily  through  hydrogen  bonding  to  oxide  surfaces  (27).  It 
seems  reasonable  that  divalent  cations  may  also  serve  to  link 
oxides  with  various  functional  groups  on  the  polysaccharide.  In 
this  study  we  have  characterized  the  influence  of  divalent 
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cations  and  of  pH  on  the  adsoiption  behavior  of  fr2ps  in  order 
to  further  investigate  the  interactions  involved  in  bonding  of 
this  adhesive  polysaccharide  at  an  aqueous/oxide  interface. 

MATERIALS  AND  METHODS 
Isolation  and  Purification  of  fr2ps 

■^e  bacterium  MHS-3  was  isolated  from  shallow  water 
sediments  in  Puget  Sound,  WA  (24).  Cultures  of  MHS-3  were 
grown  in  Marine  Broth  2216  (37.4  g/L)  (Difco  Laboratories. 
Detroit,  MI)  at  25®C  on  a  rotating  shaker  at  100  rpm.  Teflon 
mesh  (mesh  opening,  1.8  mm,  thread  diameter,  0.5  nun,  Tetko, 
Inc.,  Briarcliff,  NY)  was  introduced  into  the  culture  vessels  to 
provide  greater  surface  area  for  attached  growth.  The  attached 
cells  and  associated  extracellular  polymeric  substance  (EPS) 
were  harvested  from  a  culture  in  which  the  suspended  ceU 
population  had  just  entered  stationary  phase.  The  medium  was 
poured  off,  and  the  biofilm  was  removed  from  the  Teflon  mesh 
and  the  sides  of  the  culture  vessel  walls  by  scraping. 

EPS  was  extracted  in  two  steps.  The  cell  suspension  was 
centrifuged  for  20  min  at  Ifi.OOOg,  and  the  EPS  in  the  super¬ 
natant  (“loosely  bound”)  was  precipitated  with  4  volumes  of 
ice-cold  2-propanol.  The  more  “tightly  bound”  EPS  was  ex¬ 
tract  from  the  cell  pellet.  The  cell  pellet  was  dispersed  in  a 
Waring  blender  in  a  minimum  volume  of  10  mM  EDTA,  3% 
NaCl  for  1  min  at  4®C.  The  suspension  was  centrifuged  for  15 
min  at  16,000g  and  the  EPS  from  the  supernatant  was  precip¬ 
itated  using  2-propanol  as  described  above. 

A  crude  EPS  preparation  was  obtained  by  pooling  the  two 
^S  fractions  and  resuspending  in  a  minimum  volume  of 
distilled  water  (dH20).  They  were  then  dialyzed  for  12  h 
against  dHjO  and  lyophilized.  Polysaccharide-eiuiched  EPS 
(EPSp)  was  prepared  by  a  published  protocol  (28).  EPS  was 
dissolved  in  a  minimum  volume  of  0.1  M  MgClj,  and  DNase 
and  RNase  were  added  to  a  final  concentration  of  0.1  mg/ml, 
followed  by  incubation  at  3TC  for  4  h.  Protease  K  was  added 
to  0. 1  mg/ml  and  incubated  at  37‘’C  overnight  Residual  protein 
was  removed  with  a  hot  phenol  extraction,  followed  by  a 
chloroform  extraction.  The  preparation  was  dialyzed  for  12  h 
against  dH20  and  lyophilized.  The  EPSp  preparations  were 
stored  desiccated  at  room  temperature. 

Preparative  high  performance  size  exclusion  chromatog- 
raphy  (HPSEC)  fractionation  of  EPSp  was  performed  using 
a  Hewlet  Packard  1 090  liquid  chromatograph  equipped  with 
a  diode  array  UV-vis  spectrometer  (Shodex  OHpack 
B-2004  column).  The  mobile  phase  was  0.5  M  NaCl,  0.05  M 
ortho-P04  pH  7.0  in  dH20.  EPSp  was  dissolved  in  the 
mobile  phase  at  a  concentration  of  1  mg/ml  and  filtered 
through  a  0.22  /i.m  Millipore  filter.  The  injected  sample 
volume  was  1  ml.  The  column  was  run  at  room  temperature 
at  a  flow  rate  of  0.9  ml/min.  The  adhesive  polysaccharide 
fr2ps  was  isolated  as  the  second  peak  in  the  chromatogram 
(26)  and  concentrated  in  0.01  M  NaCl  using  ultrafiltration 


(Amicon  8010  stirred  ultrafiltration  cell,  Amicon  5YM5 
membrane).  Aliquots  were  stored  at  -40®C. 

Chemical  Analysis 

Neutral  hexose  content  was  determined  using  the  phenol 
sulfuric  acid  assay  with  glucose  as  the  standard  (29).  Protein 
content  was  estimated  using  the  Lowiy  procedure  with  bovine 
serum  albumin  (BSA)  as  standard  (30).  Uronic  acid  content 
was  determined  by  the  m-hydroxydi{riienyl  method  (31). 

Surface  Preparation 

Single-crystal,  cylindrical  germanium  (Ge)  internal  re¬ 
flection  elements  (IRE)  (Spectra  Tech,  Stamford,  CT)  were 
cleaned  by  ultrasonication  in  a  base  bath  (saturated  KOH  in 
isopropyl  alcohol)  for  10  min.  Following  the  base  bath  were 
two  rinses  in  ultrapure  water  followed  by  a  gentle  scrubbing 
with  undiluted  Micro  cleaning  solution  using  cotton  swabs. 
The  cleaning  solution  was  flushed  off  in  a  hard  stream  of 
ultrapure  water.  The  IRE  was  then  subjected  to  the  follow¬ 
ing  rinses  which  consisted  of  a  10  min  ultrasonication  in  the 
liquid:  ultrapure  water  (2X),  and  ethyl  alcohol.  After  clean¬ 
ing  IREs  were  stored  at  100°C  for  12  h  before  being  used  for 
adsorption  studies. 

Adsorption  Protocol 

All  adsorption  experiments  were  performed  in  some  modi¬ 
fication  of  a  synthetic  seawater  having  the  composition  (w/v): 
2.3%  NaCl,  0.024%  NajCOj,  0.033%  KCl,  0.4%  MgQ  • 
6H2O,  0.066%  CaQj  •  2H2O,  pH  adjusted  to  8.4  with  HCl. 
Modifications  used  for  each  experiment  are  explicitly  given 
with  the  results.  For  adsorption  experiments  investigated  using 
FT-IR  the  cylindrical  IRE  was  positioned  within  a  stainless 
steel  flow  chamber  (Circle  Cell,  Spectra  Tech,  Stamford,  CT). 
Details  have  been  described  elsewhere  (32).  A  simple  flow 
through  system  was  used  to  deliver  solutions  into  the  flow 
chamber.  Teflon  valves  (Cole-Patmer,  Niles,  IL)  served  to 
shuttle  the  appropriate  solution  into  tubing  leading  to  the  flow 
chamber.  All  tubing  leading  into  the  flow  chamber  as  well  as 
the  fittings  were  Teflon  (0.08  cm  I.D.). 

For  adsorption  experiments  frozen  aliquots  were  thawed  and 
diluted  with  the  appropriate  ionic  buffer  to  produce  a  solution 
with  the  desired  ionic  composition  and  pH.  Before  each  ad¬ 
sorption  experiment  the  surface  was  exposed  to  the  appropri¬ 
ately  modified  synthetic  seawater  for  20  min  under  flow.  A  vial 
containing  1  ml  of  approximately  0.025  mg/tnl  of  fttps  in  this 
aqueous  solution  was  inserted  into  the  flow  system,  and  the 
contents  were  immediately  pumped  through  a  short  section  of 
leader  tubing  and  through  the  flow  chamber  for  125  s.  (The 
estimate  of  concentration  is  based  upon  neutral  hexose  content 
of  the  frozen  aliquots.)  Flow  was  then  stopped  to  allow  ad¬ 
sorption  for  60  min.  Adsorption  was  performed  under  these 
static  conditions  to  conserve  purified  polysaccharide.  Flow  was 
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then  resumed,  and  the  surface  was  rinsed  with  the  modified 
synthetic  seawater  for  30  min. 

For  XPS  analysis  adsorption  was  onto  1  cm  diameter  Ge 
disks  (Harrick  Scientific  Corp.,  Ossingen,  NY).  Ge  disks  were 
cleaned  as  described  above.  Samples  were  exposed  to  fr2ps  in 
glassware  cleaned  with  a  H2S04~Nochromix  mix  (Godax  Lab¬ 
oratories,  New  York,  NY).  The  rinse  was  performed  using  fluid 
displacement.  Samples  were  dried  overnight  in  the  FT-IR 
chamber  before  measurement. 

FT-IR  Spectroscopy 

During  the  course  of  each  experiment  infrared  spectra  were 
acquired  periodically  using  a  Perkin-Elmer  Model  1800  Fou¬ 
rier  transform  infrared  (FT-IR)  spectrophotometer.  Experimen¬ 
tal  details  are  described  elsewhere  (32).  FT-IR  measurements 
were  made  at  a  FT-IR  chamber  temperature  measured  for  each 
experiment  at  23  ±  0.5°C. 

Estimation  of  Surface  Coverage 

Estimation  of  surface  coverage  was  based  on  absorbance  of 
the  transmission  spectrum  of  fr2ps,  concentrated  by  freeze¬ 
drying  and  rehydrated  to  50  mg/ml,  obtained  using  a  15  fim 
transmission  cell  with  CaF  windows  (Spectra  Tech).  A  modi¬ 
fication  of  a  previously  published  derivation  (25)  was  used. 
Briefly,  it  was  assumed  that 

\ 

^B.E  ~  [(-^W,t/^W.e)(^S,e/^S.t)]^B,T»  [1] 

where  A^.t  is  the  absorbance  of  water  (band  at  1640  cm“*)  in 
transmission,  ^  is  the  absorbance  of  water  probed  evanes- 
cently  (ATR  mode),  Ag  e  is  the  absorbance  of  the  substance  of 
interest  (fr2ps  in  this  case)  probed  evanescently,  As,t  is  the 
absorbance  of  the  substance  in  transmission,  is  the 
(known)  concentration  of  the  substance  in  the  transmission 
cell,  and  Cb,e  is  the  bulk  or  volume  concentration  of  the 
substance  probed  evanescently.  Using  glucose  solutions  as 
standards,  Eq.  [1]  was  found  to  predict  Cg  e  with  >90%  accu¬ 
racy.  This  calculated  volume  concentration  is  related  to  the 
(unknown)  adsorbed  amount  by 

r  =  (V2)(cB.E).  [2] 

where  is  the  penetration  depth  of  the  evanescent  (electric) 
field  and  F  is  the  surface  coverage  (mass/area). 

A  spectrum  of  dehydrated  fr2ps  was  obtained  by  placing  2 
/ulI  of  a  50  mg/ml  aqueous  solution  on  the  surface  of  the  IRE 
and  allowing  it  to  dry  in  the  FT-IR  chamber  until  the  water 
band  centered  at  1640  cm”‘  disappeared. 

XPS  Analysis 

XPS  spectra  were  obtained  with  a  Physical  Electronics 
Model  5600  spectrometer  (Physical  Electronics,  Eden  Prairie, 


wavenumber  (cm'^ ) 

FIG.  1.  FT-IR  spectra  of  fr2ps:  (top)  adsorbed  onto  the  Ge  IRE  (hydrated); 
(middle)  transmission  spectrum  of  hydrated  bulk  sample  (50  mg/ml);  (bottom) 
sample  dried  onto  Ge  IRE.  W,  region  of  strong  water  absorption  at  1640  cm“ 
T,  absorbance  from  Teflon  0-rings  of  flow  chamber;  A,  composite  band  used 
to  measure  fir2ps  adsorption;  11,  amide  n  band.  Broken  lines  are  to  aid  the  eye 
in  comparison  and  for  discussion. 


MN).  A  5  eV  flood  gun  was  used  to  offset  charge  accumula¬ 
tion.  A  8(X)  fim  diameter  area  was  analyzed  using  a  monochro- 
matized  A\Ka  X-ray  source  at  300  W  and  a  pass  energy  of 
23.50  eV.  The  binding  energy  scale  was  referenced  by  setting 
the  CHx  peak  maximum  in  the  Cls  spectrum  to  285.0  eV. 
Curve  fitting  was  performed  using  Peakfit  (Jandel  Scientific, 
San  Rafael,  CA). 

RESULTS 

Chemical  Characterization 

Colorometric  assays  indicated  that  fr2ps  consisted  primarily 
of  neutral  hexose  (97.8%)  with  small  amount  of  protein  (2.2% 
w/w)  and  a  trace  amounts  of  uronic  acids  (<0.1%). 

FT-IR  spectra  of  three  different  preparations  of  fr2ps  are 
shown  in  Fig.  1:  fr2ps  adsorbed  to  the  Ge  IRE  (hydrated)  (Fig. 
la),  a  transmission  spectrum  of  bulk,  hydrated  fr2ps  (Fig.  lb), 
and  a  spectrum  of  fr2ps  dehydrated  on  the  Ge  IRE  (Fig.  Ic). 
Since  the  dehydrated  sample  consisted  of  0.1  mg  spread  over 
about  0.5  cm^  (200  /mg/cm^)  this  can  be  considered  to  be  a 
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spectrum  of  bulk,  dehydrated  fr2ps.  Comparison  of  the  three 
spectra  reveals  differences  in  the  band  pattern.  The  spectrum 
for  the  adsorbed  sample  (Fig.  la)  is  representative  of  spectra 
obtained  under  all  the  different  adsorption  conditions  used. 
Close  scrutiny  of  spectra  of  adsorbed  ft2ps  revealed  no  con¬ 
sistent  discemable  differences  in  band  pattern  for  the  different 
buffer  conditions.  The.  dehydrated  sample  (Fig.  Ic)  has  bands 
at  positions  typical  for  proteins:  amide  I  at  1660  cm"*,  amide 
n  at  1528  cm"*,  as  well  as  bands  near  1460,  1380,  and  1250 
cm  *  which  have  been  assigned  to  CH3.  CHj.  and  amide  III 
vibrational  modes,  respectively  (33,  34).  The  amide  n  band  is 
shifted,  respectively,  in  the  hydrated  bulk  sample  (Fig,  lb)  and 
notably  absent  in  the  adsorbed  sample  (Fig.  la).  The  region 
where  the  amide  I  band  should  appear  is  obscured  by  residual 
bands  from  subtraction  of  the  large  water  band  centered  at 
1640  cm"  *  (indicated  by  W  in  Fig.  la)  in  the  hydrated  bulk  and 
adsorbed  samples.  Careful-  examination  of  this  region  in  the 
spectrum  of  adsorbed  fr2ps  revealed  no  trace  of  a  component 
band  at  any  other  wavelength  than  1640  cm"*.  Therefore,  the 
FT-IR  data  indicate  that  the  adsorbed  component  consists 
entirely  of  polysaccharide  (within  the  limits  of  detection), 
while  the  bulk  fi-2ps  sample  has  a  significant,  though  small, 
protein  component  (corroborating  the  colorometric  analysis). 
This  suggests  that  the  polysaccharide  portion  of  the  bulk  ma¬ 
terial  is  not  bound  up  with  the  small  protein  component  and 
out-competes  it  in  the  adsorption  process.  The  protein  content 
of  fr2ps  as  estimated  by  FT-IR  is  higher  than  the  estimate  by 
the  colorometric  assays  (7.0%  protein  w/w). 

The  polysaccharide  C-O  stretch  region  extends  from  ap¬ 
proximately  1200  to  9(X)  cm"*.  Maxima  of  the  most  prominent 
component  bands  in  this  region  arc  shifted,  respectively,  in 
spectra  of  the  adsorbed  sample  and  hydrated  bulk  sample  (Fig. 
la  and  b);  while  spectra  of  both  the  adsorbed  sample  and 
dehydrated  bulk  sample  have  four  bands  in  nearly  the  same 
positions  (indicated  in  Fig.  1  by  the  dashed  lines).  Thus,  with 
respect  to  position  (not  relative  amplitude)  of  prominent  com¬ 
ponent  bands  in  this  region  of  the  spectrum,  the  adsorbed 
sample  is  slightly  more  similar  to  the  dehydrated  bulk  sample 
than  to  the  hydrated  bulk  sample.  This  suggests  that  interac¬ 
tions  with  the  Ge  substratum  upon  adsorption  alter  hydration  of 
portions  of  the  polysaccharide.  Removal  of  interfacially  bound 
water  has  been  identified  as  a  precondition  for  formation  of 
strong  adhesive  bonds  between  biopolymers  and  a  surface  (35). 

It  seems  plausible  that  a  binding  mechanism  involving  dis¬ 
placement  of  interfacial  water  would  also  be  likely  to  influence 
the  hydration  shell  of  the  biopolymer.  Following  along  with 
this  interpretation,  there  are  three  shifts  downward  (1070  to 
1065  cm"*,  1040  to  1035  cm"*,  and  1000  to  994  cm"*)  and 
one  shift  upward  (1119  to  1136  cm  *)  upon  adsorption.  In  this 
region  absorption  bands  arise  primarily  from  C-C  and  C-O 
stretching  modes  (36)  with  a  significant  contribution  from 
COH  bending  modes  (37).  The  FT-IR  data  are  thus  consistent 
with  a  substratum  bonding  mechanism  that  involves  pyranose 
ring  carbons  and  oxygens. 
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FIG.  2.  Kinetics  of  adsorption  of  fi2ps  onto  the  Ge  IRE  measured  by 
computing  band  areas  of  the  composite  band  indicated  in  Fig.  1.  Time  at  which 
rinse  was  initiated  is  indicated.  Band  area  has  been  converted  to  surface 
coverage  in  remainder  of  the  figures  using  Eqs.  [1]  and  (2]. 


Adsorption  Studies 

Adsoiption  and  desorption  of  ft2ps  to  the  Ge  IRE  was 
monitored  by  computing  areas  of  the  composite  band  indicated 
in  Fig.  la.  A  kinetic  binding  curve  is  shown  in  Fig.  2.  Adsorp¬ 
tion  is  typically  irreversible  in  the  empirical  sense  that  the 
adsorbed  component  is  not  removed  from  the  surface  when  the 
bulk  solution  is  replaced  with  the  rinse  solution.  All  adsorption 
studies  were  performed  at  the  same  bulk  concentration  of 
fr2ps.  This  concentration  was  chosen  because  it  yielded  an 
easily  detectable  amount  of  adsorbed  fr2ps,  but  was  below 
surface  saturation  estimated  from  previous  binding  curves  (Fig. 
3)  (26).  Concentration  of  bulk  fr2ps  is  given  in  terms  of  neutral 
hexose  content  of  frozen  aliquots  as  determined  by  the  coloro¬ 
metric  assay. 

Effect  of  Divalent  Cations 

The  binding  curve  presented  in  Fig.  3  was  obtained  in 
unmodified  synthetic  seawater.  It  was  found  that  omission 
of  the  Na  from  this  solution  did  not  change  the  adsorbed 
amount  significantly  (see  Fig.  3).  The  influence  of  variable 
amounts  of  K  was  minimal  (data  not  shown).  Carbonate  is 
the  primary  buffer  and  is  necessary  in  order  to  maintain  the 
pH.  With  these  results  as  a  starting  point  a  set  of  test 
solutions  was  chosen  with  invariant  concentrations  of  K  and 
carbonate,  as  in  the  unmodified  synthetic  seawater,  and 
variable  concentrations  of  Ca,  Mg,  or  Sr.  The  pH  was  8.4  for 
this  set  of  experiments.  The  ionic  strength  was  adjusted  with 
NaCl  so  as  to  be  the  equivalent  for  all  experiments.  The 
effect  of  each  of  the  three  divalent  cations  on  adsorption  was 
tested  in  the  absence  of  the  other  two. 

The  effect  of  Ca  on  the  amount  of  adsorbed  fr2ps  remaining 
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FIG.  3.  Filled  circles;  binding  curve  and  fit  of  Langmuir  model  (broken 
line)  for  fr2ps  onto  Gc  IRE  obtained  with  a  previous  preparation  (26).  Surface 
coverage  was  computed  from  band  area  as  described  in  the  text.  Bulk  concen¬ 
tration  of  fir2ps  is  given  in  terms  of  the  total  neutral  hexose  content  determined 
by  the  colorometric  assay.  Squares:  results  obtained  with  batch  of  fr2p$  used 
for  these  experiments  in  unmodified  synthetic  seawater  (filled)  and  synthetic 
seawater  with  Na  omitted  (unfilled). 


at  the  end  of  the  rinse  is  shown  in  Fig.  4a.  There  is  a  sharp 
increase  in  the  adsorbed  amount  at  a  concentration  of  approx¬ 
imately  20  iiM  Ca.  Fig.  4b  shows  the  effect  of  substitution  of 
Mg  and  Sr  on  the  adsorption  of  fr2ps.  Since  the  range  of 
concentrations  tested  was  relatively  large  they  are  exhibited  on 
a  log  scale.  (The  Ca  curve  is  included  for  comparison).  It 
appears  that  Sr  can,  to  some  extent,  replace  Ca  but  that  Mg  is 
not  nearly  as  effective  in  promoting  adsorption.  The  influence 
of  Ca  and  Sr  on  adsorption  could  not  be  tested  at  higher 
concentrations  because  a  carbonate  precipitate  formed  (without 
addition  of  fr2ps). 

Effect  of  pH 

In  order  to  test  the  effect  of  pH  on  fr2ps  adsorption  a 
solution  consisting  of  22  /xM  Ca  was  chosen.  This  Ca  concen¬ 
tration  is  at  a  threshold  for  influencing  adsorption  of  fr2ps  (Fig. 
4a).  Therefore,  sensitivity  to  other  solution  components  might 
be  expected  to  be  maximal.  It  was  necessary  to  include  0.952 
mM  Mg  in  order  to  prevent  a  carbonate  precipitate  from 
forming  in  the  more  basic  solutions.  The  influence  of  pH  on 
adsorption  of  fr2ps  is  shown  in  Fig.  5,  indicating  that,  in 
general,  more  basic  conditions  enhance  adsorption.  The  excep¬ 
tion  to  this  trend  at  pH  8.0  is  reproducible,  suggesting  a 
complex  interaction  between  functional  groups. 

XPS  of  Adsorbed  fr2ps 

XPS  spectra  of  the  Ge2p3/2  region  of  fr2ps  adsorbed  at  4  and 
40  pM  Ca  onto  Ge  and  of  a  clean  Ge  substratum  are  shown  in 
Fig.  6.  The  three  samples  were  stored  under  identical  condi- 
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FIG.  4.  (a)  Effect  of  Ca  on  adsorption  of  lT2ps.  Arrow  indicates  transition 
point,  (b)  Effect  of  Mg,  Ca  and  Sr  on  adsorption  of  fWps.  Level  of  adsorption  for 
unmodified  synthetic  seawater  is  indicated  (broken  line).  Note  log  scale  in  (b). 


tions  and  loaded  into  the  XPS  instrument  at  the  same  time.  The 
relative  sizj&  of  the  Ge  oxide  peak  (at  higher  binding  energy) 
appears  to  become  progressively  smaller  compared  to  the  Ge 
peak  as  more  fr2ps  is  adsorbed.  The  Ge3d  region  exhibits  the 


pH 

FIG.  5.  Effect  of  pH  on  adsorption  of  fr2ps.  Level  of  adsorption  for 
unmodified  seawater  is  indicated  (broken  line). 
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FIG.  6.  XPS  of  Ge  disks,  Ge2py2  bands;  Ge  oxide  is  on  the  left,  (a)  Clean 
Gc;  (b)  fr2ps  adsorbed  at  4  /xM  Ca;  (c)  fr2ps  adsorbed  at  40  /xM  Ca.  Curve  fits 
arc  indicated  by  lines,  data  by  filled  circles,  and  Gaussian  curves  constituting 
each  fit  by  broken  lines.  Counts  have  not  been  included  for  simplicity  of 
presentation. 


same  trend  (data  not  shown).  In  a  separate  experiment  a  drop 
of  bulk  fr2ps  was  dried  on  Ge  which  was  cleaned  by  the 
protocol  given  above.  XPS  measurements  indicated  no  detect- 
able  Ge  oxide  peak  (data  not  shown).  Ge  exposed  to  the 
solution  containing  40  fiM  Ca  (with  no  fr2ps)  exhibited  an 
oxide  peak  larger  than  that  of  clean  Ge. 

The  XPS  data  in  Fig.  6  was  fit  with  a  set  of  Gaussian  curves. 
This  provided  a  better  fit  than  Lorentzian,  Voigt,  or  mixed 
Gaussian-Lorentzian  curves  by  both  the  criteria  of  the  value 
and  the  functionality  exhibited  by  the  residuals.  The  simplest 
fit  is  obtained  with  two  Gaussian  curves  as  shown  for  the 
Ge2p3/2  spectra.  The  ratio  of  the  areas  of  the  Gaussian  curves 
which  correspond  to  the  Ge  and  Ge  oxide  peaks  is  0.85,  1.11, 
and  1 .87  for  peaks  in  Fig.  6a,  b,  and  c,  respectively,  corrobo¬ 
rating  the  qualitative  appraisal. 

High  resolution  spectra  were  also  obtained  for  the  Cls 
region,  the  Ols  region,  the  five  Ca  regions  (2s,  2pi/2,  3s, 

3Pi/2)»  the  Nls  region.  Ca  and  N  (an  indication  of 
protein)  were  not  detected.  The  Cls  region  and  Ols  regions  of 
the  adsorbed  fr2ps  displayed  satellite  bands  with  shifts  to 
higher  binding  energies  consistent  with  the  presence  of  C-O-H 


or  C-O-C  bonds  (1.4  eV,  Ols;  1.5  eV,  Cls  and  C=0  bonds 
(3.2  eV,  Cls)  (data  not  shown)  (38).  There  were  no  chemical 
shifts  in  this  region  which  could  be  interpreted  as  originating 
from  formation  of  bonds  with  the  Ge  oxide  surface. 

DISCUSSION 

It  has  been  proposed  that  a  capsular  extracellular  polysac¬ 
charide  with  the  appropriate  extension  and  functional  groups 
could  serve  to  bridge  an  electrostatic  barrier  that  prevented  a 
bacterium  from  approaching  closer  than  10-20  nm  firom  a 
surface  (39).  Divalent  cations,  especially  calcium  ions,  have 
been  found  to  play  a  role  in  adhesion  of  bacteria  (40,  41)  and 
algae  (42)  to  inert  surfaces.  It  is  obvious  that  dival^t  cations 
have  the  appropriate  oxidation  state  to  mediate  ionic  bonds 
between  a  negatively  charged  surface  and  anionic  fimctional 
groups  of  an  extracellular  polysaccharide.  Although  this  in¬ 
teraction  has  not  yet  been  demonstrated  in  the  published 
literature,  preliminary  data  indicate  that  it  makes  a  signifi¬ 
cant  contribution  to  binding  of  some  polysaccharides  (personal 
communication  with  Georges  Belfort,  Department  of  Chemical 
Engineering,  Rensselaer  Polytechnic  Institute,  Troy,  NY). 
Many  types  of  hydrogen  bonds  are  possible  between  mineral 
oxides  and  organic  molecules  (27).  This  implies  that  hydrogen 
bonding  may  contribute  significantly  to  the  adsorption  of  poly¬ 
saccharides  onto  mineral  surfaces  in  seawater. 

A  number  of  previous  investigations  have  indicated  that 
fr2ps  serves  as  an  adhesion  for  the  marine  bacterium  MHS-3 
and  that  it  adsorbs  to  Ge  with  a  comparatively  high  affinity 
(24-26).  Ge  is  not  a  common  element  of  marine  sediments; 
however,  it  is  in  the  same  group  as  silicon,  and  its  oxide  film 
is  likely  to  have  some  of  the  general  characteristics  of  mineral 
oxides.  Although  proteins  generally  adsorb  strongly  to  Ge,  this 
is  not  the  case  for  polysaccharides.  We  have  tested  alginate 
(carboxylate  functionality),  hyaluronic  acid  (^-acetyl  and  car- 
boxylate  functionalities),  and  cellulose  (glucose  subunits),  and 
all  of  these  adsorb  only  slightly  to  Ge.  This  suggests  that  fr2ps 
has  some  special  molecular  characteristics  which  enhance  its 
adsorption  onto  oxide  films. 

The  XPS  data  indicate  that  fr2ps  interacts  strongly  with  the 
Ge  oxide.  Theoretically,  the  expected  proportion  of  Ge  to  Ge 
oxide  photoelectron  intensities  would  be  invariant  for  a  simple 
three  layer  film  (fr2ps/Ge  oxide/Ge  bulk  material),  with  vari¬ 
able  thickness  of  the  fr2ps  overlayer.  This  ratio  has  been  used 
to  estimate  the  oxide  film  thickness  (43):  as  the  thickness  of  the 
oxide  decreases,  the  relative  ratio  (Ge  oxide  to  Ge)  decreases. 
Ge  forms  an  amphoteric  oxide  that  could  presumably  be  dis¬ 
solved  in  either  acidic  or  basic  solutions.  Thus  one  possibility 
is  that  acidic  or  basic  functional  groups  on  fr2ps,  which  are 
concentrated  near  the  surface  upon  adsorption,  result  in  a  local 
pH  which  degrades  the  Ge  oxide  layer.  Since  fr2ps  has  been 
demonstrated  to  adsorb  strongly  to  Ge  relative  to  other 
biopolymers  (26),  it  seems  unlikely  that  it  is  dissolving  the 
surface  it  adheres  to,  especially  since  the  oxide  provides  the 
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most  obvious  chemistry  for  forming  bonds  with  functional 
groups.  A  second  possibility  is  that  the  Ge  oxide  is  patchy  and 
that  fr2ps  adsorbs  preferentially  to  islands  of  Ge  oxide,  thus 
decreasing  the  XPS  signal  from  these  portions  of  the  surface. 
This  also  seems  unlikely.  The  Ge  is  single  crystal  and  thus 
homogeneous,  and  the  exposure  to  KOH  during  cleaning 
should  create  a  virgin  Ge  surface  for  uniform  formation  of  the 
oxide  film  upon  exposure  to  air.  A  third  possibility  is  that  the 
apparent  relative  decrease  in  the  Ge  oxide  band  is  actually  the 
result  of  a  shift  and/or  widening  of  component  bands.  Tlic  Ge 
oxide  band  originates  from  a  shift  in  the  measured  binding 
energy  of  the  Ge  core  electrons  caused  by  electron  withdrawal 
from  the  Ge  shell  by  the  electronegative  oxygen.  Interactions 
which  lowered  the  oxidation  state  of  the  oxygen  would  de¬ 
crease  its  electronegativity  and  might  shift  a  portion  of  the 
oxide  band  to  lower  energy.  This  would  result  in  an  j^^)arent 
increase  in  the  proportion  of  Ge  to  Ge  oxide  in  the  XPS 
spectrum. 

The  data  show  a  clear  participation  of  Ca  in  adsorption  of 
fr2ps  to  Ge.  The  effect  is  not  simply  one  of  charge  shielding, 
since  ionic  strength  was  invariant.  In  addition,  the  interaction 
between  the  divalent  cation  and  fr2ps  which  promotes  adsorp¬ 
tion  appears  to  be  sensitive  to  elemental  properties  (probably 
size)  other  than  the  oxidation  state,  since  Ca  caimot  be  replaced 
with  Mg.  This  type  of  interaction  with  divalent  cations  is 
responsible  for  the  gelling  behavior  of  alginate  in  solutions 
containing  divalent  cations,  and  has  been  explained  by  the 
presence  of  a  cavity  formed  by  alginate  that  can  accommodate 
some  divalent  cations  better  than  others.  In  the  model  which  is 
most  accepted,  the  Ca"*^^  forms  a  coordination  complex  with 
two  cartK)xylate  functionalities  and  several  hydroxyl  groups  of 
the  pyranose  ring  (44). 

There  is  no  clear  evidence  for  the  importance  of  hydrogen 
bonding  of  fr2ps  to  Ge.  The  trend  is  that,  as  the  pH  is  raised, 
the  amount  of  fr2ps  adsorbed  becomes  greater.  Deprotonation 
of  functional  groups  would  be  expected  to  decrease  hydrogen 
bonding,  since  the  proton  donors  would  be  replaced  by  nega¬ 
tively  charged  groups,  thus  increasing  the  electrostatic  repul¬ 
sion.  The  data  for  pH  8  suggests  involvement  of  interactions  of 
multiple  functional  groups  with  different  pX  values. 

The  abundance  of  carboxylate  functionalities  in  fr2ps  is 
very  slight  according  to  the  chemical  characterization.  In 
addition,  no  trace  of  S  or  P  was  found  in  fr2ps  (XPS)  which 
might  indicate  other  negatively  charged  functionalities.  In 
addition,  no  Ca  was  detected  in  adsorbed  films  of  fr2ps 
(XPS).  Therefore,  if  fr2ps  employs  anionic  functionalities 
and  Ca'*'^  to  form  a  complex  with  the  Ge  oxide  the  density 
of  binding  sites  must  be  low  relative  to  the  number  of 
monomers.  The  level  of  detection  of  the  XPS  was  limited 
to  >1%  (relative  elemental  composition)  by  the  Ge  back¬ 
ground:  i.e.,  for  every  region  in  which  a  Ca  band  appeared, 
a  small  Ge  band  was  also  present.  If  it  assumed  that  there 
is  one  uronic  acid  (UA)  residue  (carboxylate  functionality) 
for  every  200  residues  of  fr2ps  then  the  elemental  percent 


of  Ca  would  be  between  0.03  and  0.003  for  1:1  binding 
(Ca'*^^:UA),  assuming  between  a  5  and  0.5  nm  mean  free 
path  of  the  photoelectrons.  It  would  make  sense  that  a 
polysaccharide  designed  to  bridge  an  electrostatic  double 
layer  would  be  nearly  neutral  and  be  only  sparsely  populated 
with  anionic  functionalities.  Pinning  of  the  polysaccharide 
via  these  rather  sparsely  located  points  might  enable  other 
bonds  to  form. 

SUMMARY 

The  bacterial  polysaccharide  (fr2ps)  binds  strongly  to  Ge 
substrata.  The  mechanism  by  which  it  forms  bonds  has  been 
probed  by  measuring  the  influence  of  ionic  composititm  and 
pH  on  adsorption,  and  the  influence  of  fr2ps  adsorption  on  the 
Ge  substratum.  The  data  support  a  mechanism  involving  diva¬ 
lent  cationic  bridging  between  functional  groups  on  fr2ps  and 
the  Ge  oxide  overlayer.  The  importance  of  atomic  size  of  the 
divalent  cation  suggests  that  the  interaction  involves  coordina¬ 
tion  of  a  number  of  fr2ps  functional  groups.  Involvement  of 
pyranose  ring  atoms  iSTrnplicated.  There  is  evidence  for  dis¬ 
placement  of  water  contained  in  the  fr2ps  hydration  shell  upon 
adsorption. 
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Abstract 

Artificial  substrata  of  different  material  composition  were  deployed  at  deep-sea  hydrothermal  areas  on  the  Mid-Atlantic 
Ridge  for  exposure  times  ranging  from  I  to  12  days.  After  4  days  of  exposure,  a  very  thick  but  loosely-bound  biofilm  formed  on 
all  surfaces.  Two  bacterial  morpho types  dominated  the  attached  microbial  community:  rod-shaped  bacteria  sometimes  several 
cell  layers  thick  and  large  filamentous  forms  attached  to  the  substratum  at  one  end  of  the  filament.  Quantitative  extraction  of 
biofilm  lipids  associated  with  the  substratum  surface  indicated  the  accumulation  of  a  large  amount  of  bacterial  biomass  after 
4  days  of  exposure  for  all  substrata.  Microbial  biomass  accumulated  at  different  rates  on  the  different  substrata.  The  greatest 
biomass  was  associated  with  316L  stainless  steel  and  titanium  substrata.  Polar  lipid  fatty  acid  (PLFA)  analysis  of  lipid  extracts 
contained  signatures  of  sulfate  reducing  bacteria  and  fatty  acids  (FA)  previously  reported  in  filamentous  sulfur-oxidizing 
bacteria.  The  results  demonstrate  rapid  in  situ  colonization  of  artificial  substrata  by  hydrothermal  vent  microbial  populations 
irrespective  of  the  nature  of  the  substratum.  ©  1998  Federation  of  European  Microbiological  Societies.  Published  by 
Elsevier  Science  B.V.  All  rights  reserved. 

Keywords:  Hydrothermal  vent;  Biofilm:  Artificial  substrate 


1.  Introduction 

Deep-sea  hydrothermal  vent  ecosystems  depend 
on  microbial  systems  for  the  conversion  of  reduced 
inorganic  forms  of  energy  to  organic  forms  of  energy 
and  carbon.  Attached  microbial  populations  have 
been  described  in  these  environments  and  likely  rep¬ 
resent  an  important  contribution  to  the  primary  pro- 
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duction  [1,2].  Little  is  known  on  the  diversity  of 
these  attached  microbial  populations,  microbial  col¬ 
onization  rates  and  biomass  associated  with  surfaces 
in  hydrothermal  vent  fields  [3]. 

Analysis  of  cellular  lipids  provides  a  satisfactory 
way  to  gain  insight  into  microbial  community  struc¬ 
ture  and  biomass  [4].  Microbial  biomarkers  are 
chemical  components  of  microorganisms  which  can 
be  extracted  directly  from  the  environment,  provide 
qualitative  information  on  the  types  of  microorgan¬ 
isms  present  as  well  as  quantitative  information  on 
in  situ  microbial  biomass  [5].  Membrane  lipids  and 
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their  associated  fatty  acids  are  particularly  useful 
biomarkers  as  they  are  essential  components  of  every 
living  cell  and  have  great  diversity  coupled  with  high 
biological  specificity  [6].  Phospholipid  ester-linked 
fatty  acids  (PLFA)  have  proved  to  be  of  great  value 
in  describing  bacterial  community  structure  in  sedi¬ 
ments,  the  establishment  of  a  biochemical  basis  to 
bacterial  phylogeny  and  taxonomy,  and  in  the  detec¬ 
tion  of  specific  physiological  groups  of  bacteria  as¬ 
sociated  with  microbiologically  influenced  corrosion 
studies  [7-10].  The  use  of  PLFA  from  the  polar  lipid 
fraction  eliminates  interference  from  many  contami¬ 
nants  as  well  as  endogenous  storage  lipids  present  in 
the  neutral  or  the  glycolipid  fractions  of  the  extract- 
able  lipids.  Phospholipids  are  not  found  in  storage 
lipids  and  have  relatively  rapid  turnover  in  sediments 
[11]. 

A  study  was  carried  out  to  investigate  the  extent 
to  which  the  nature  of  the  substratum  influenced 
biofilm  development,  population  structure  and  bio¬ 
mass  in  areas  under  the  influence  of  venting  hydro- 
thermal  fluids  at  a  site  (Snake  Pit)  along  the  Mid- 
Atlantic  Ridge  during  the  French  ‘Microsmoke’ 
cruise.  A  spectrum  of  artificial  substrata  was  used 
in  this  study  to  determine  the  importance  of  substra¬ 
tum  properties  on  microbial  colonization  rates,  pop¬ 
ulation  structure  and  succession  in  the  vent  environ¬ 
ment. 


2.  Materials  and  methods 

2.1.  Substratum  deployment  and  recovery 

Artificial  substrata  were  deployed  at  three  loca¬ 
tions  on  the  ocean  bottom  along  the  Mid-Atlantic 
Ridge  at  the  Snake  Pit  site  (23°22N,  45°57W)  using 
the  manned  submersible  ‘Nautile’  during  the  French 
oceanographic  cruise  in  November  1995.  Two  loca¬ 
tions  (sites  1  and  2)  were  under  the  influence  of  vent¬ 
ing  hydrothermal  fluid.  The  temperatures  at  sites  I 
and  2  fluctuated  between  5“20°C.  A  third  location 
(site  A)  was  outside  the  influence  of  the  hydrother¬ 
mal  fluids  where  the  temperature  maintained  a  con¬ 
stant  2°C.  Water  samples  were  collected  from  the 
3  locations  using  a  Niskin  bottle  operated  by  the 
mechanical  arm  of  the  submersible. 

The  following  materials  were  used  as  artificial  sub¬ 


strata:  316L  stainless  steel  (316L  SS),  titanium  (Ti), 
aluminum  5052  (Al),  copper  90/10  (Cu),  copper-nick- 
el  alloy  (Cu-Ni),  Teflon  (PTFE),  polyamide  (PA), 
polyacrylate  (PAc)  and  polycarbonate  (PC).  SS  and 
Ti  were  selected  on  the  basis  of  their  resistance  to 
marine  corrosion;  Al  was  selected  for  its  extensive 
oxide  film  in  seawater;  Cu  and  Cu-Ni  were  selected 
for  their  ability  to  inhibit  microbial  colonization. 
The  non-metallic  surfaces  were  selected  to  offer  a 
range  of  surface  energies  in  natural  seawater 
(PTFE,  18  ml-m-2;  PA,  38  ml-m-^;  PC,  35.5 
ml*m~^;  and  PAc,  40  ml-m“^)  different  from  those 
provided  by  the  metallic  substrata. 

One-cm  diameter  coupons  of  each  material  were 
glued  on  one  surface  to  a  sample  holder,  allowing 
the  other  surface  exposure  to  the  surrounding  envi¬ 
ronment  (Fig.  1).  A  set  of  sample  holders  (one  for 
each  site  and  sampling  time),  each  containing  an 
array  of  coupons  of  different  composition,  was  trans¬ 
ported  from  the  sea  surface  to  the  sea  floor  in  the 
externally-located,  seawater-filled  box  mounted  at 
the  front  of  the  Nautile.  A  mechanical  arm  trans¬ 
ferred  the  sample  holders  from  the  box  to  their  re¬ 
spective  location  on  the  sea  floor.  After  1,  4,  8  and 
12  days  exposure,  a  sample  holder  from  each  loca¬ 
tion  was  retrieved  by  the  mechanical  arm  of  the  sub¬ 
mersible,  and  transported  to  the  surface  in  the  sea¬ 
water-filled,  externally-located  box  on  the  sub¬ 
mersible. 

As  soon  as  the  submersible  was  brought  on  board 
the  support  ship,  Nadir,  the  sample  holders  (1/loca¬ 
tion)  were  immediately  retrieved  from  the  box  and 
3  coupons  of  each  type  of  material  removed  from 
each  holder  and  treated  as  follows:  one  coupon 
was  lyophilized  and  stored  for  lipid  analysis;  the 
two  remaining  coupons  were  preserved  in  artificial 
seawater  containing  2.5%  glutaraldehyde  for  subse¬ 
quent  microscopic  observations. 

2.2.  Scanning  electron  microscopy 

Coupons  were  sputter-coated  with  a  thin  film  of 
gold  to  minimize  charging  and  examined  with  a  Phi¬ 
lips  XL  30  Lab  6  scanning  electron  microscope. 

2.3.  Lipid  analysis 

Lipids  were  extracted  using  a  modified  Bligh/Dyer 
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method  [11,12].  Samples  were  placed  for  I  h  in  an 
ultrasonic  bath  with  adequate  volumes  of  methanol, 
dichloromethane  and  water  (2: 1:0.8,  v/v).  Identical 
volumes  of  water  and  dichloromethane  were  then 
added  to  the  solution  and  the  two  resulting  phases 
allowed  to  separate  in  a  funnel  for  18  h.  The  total 
lipids  were  separated  into  three  general  lipid  classes 
by  silicic  column  chromatography  using  a  series  of 
mobile  phases  of  increasing  polarity  (dichlorometh¬ 
ane,  acetone  and  methanol).  Fatty  acid  methyl  esters 
were  prepared  from  the  esterified  lipids  in  the  polar 
(methanol)  lipid  fraction  by  mild  alkaline  methanolic 
trans-esterification  and  analyzed  by  gas  chromatog¬ 
raphy  (GC)  and  gas  chromatography-mass  spec¬ 
trometry  (GC-MS). 

An  aliquot  of  the  polar  lipid  fraction  was  analyzed 
for  its  ether  glycerol  content  as  a  biomarker  of  ar- 
chaebacteria.  A  fraction  of  the  polar  phase  was  sub¬ 
jected  to  a  strong  acid  hydrolysis  and  the  resulting 
core  ether  lipids  digested  with  55%  HI  solution  for 
18  h  at  100°C.  The  resulting  alkyliodides  were  ex¬ 
tracted  with  hexane  and  successively  washed  with 
Na2S203  and  Na2C03  solutions  [13,14].  After  ex¬ 
traction  with  hexane,  the  iodide  derivatives  were  an¬ 
alyzed  using  GC  equipped  with  an  electron  capture 
detector  using  1,2  di-O-hexadecyl-rac-glycerol  as  in¬ 
ternal  standard.  Authentic  glycerol  diethers  and  di¬ 
glycerol  tetraethers  were  purchased  from  Sigma  or 
isolated  from  cells  of  Sulfolobus  sp. 

2,4.  Gas  chromatography  and  gas 

chromatography-mass  spectrometry  analyses 

GC  analyses  were  performed  on  a  Carlo  Erba 
(Rodano,  Italy)  HRGG  5360  gas  chromatograph 
equipped  with  a  fused  silica  column  coated  with  a 
non-polar  phase  (60  mXO.2  mm  i.d.;  film  thickness 
0.25  pm).  Hydrogen  was  used  as  carrier  gas  (33  cm 
s”'). 

GC-MS  analyses  were  performed  on  a  Carlo  Erba 
(Rodano,  Italy)  model  5160  HRGC  chromatograph 
coupled  to  a  quadrupole  Nermag  (Delsi)  r  10-1  OH 
mass  spectrometer.  The  fatty  acid  separation  was 
achieved  on  a  CP  SiI5CB  capillary  column  (60 
mX0.20  mm  i.d.;  film  thickness  0.25  pm;  J&W  Poi¬ 
son,  California)  with  helium  as  carrier  gas  (1.5  bar). 
Standard  fatty  acids  were  purchased  from  Sigma 
along  with  fatty  acids  of  pure  culture  of  Vibrio  na- 


Fig.  1.  Sample  holder. 


trie  gens,  Desulfovibrio  desulfuricans  and  members  of 
the  Alteromonas  group  isolated  from  an  hydrother¬ 
mal  environment  [15,16]. 

2.5.  Fatty  acid  nomenclature 

A  shorthand  nomenclature  is  used  which  is  in  the 
form  of  numbers  separated  by  a  colon.  The  number 
before  the  colon  indicates  the  carbon  chain  length 
and  the  figure  after  the  colon  corresponds  to  the 
number  of  double  bonds.  The  position  of  the  double 
bond  is  defined  by  the  symbol  ‘co’  followed  by  the 
number  of  carbons  from  the  methyl  end.  The  pre¬ 
fixes  ‘i’  and  ‘a’  refer  to  iso  and  anteiso,  respectively. 
The  geometry  of  the  double  bonds  is  indicated  by  cis 
and  trans. 


3.  Results 

Coupons  of  different  material  composition,  de¬ 
ployed  at  2  vent-influenced  sites  (sites  1  and  2)  accu¬ 
mulated  a  thick,  loosely-bound  biofilm  on  their  sur¬ 
face,  whereas  coupons  deployed  at  control  site  A, 
not  under  vent  influence,  accumulated  a  sparser  bio¬ 
film.  The  chemistry  of  water  samples  from  the  3  lo¬ 
cations  is  presented  in  Table  I.  With  the  exception  of 
the  silica  and  ammonia  concentrations,  the  chemistry 
of  the  fluids  collected  at  sites  1  and  2  was  similar  to 
that  of  control  site  A. 

Fig.  2a-j  shows  the  most  commonly  observed 
morphological  types  of  microorganisms  on  the  sur- 
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Fig.  2.  a-j:  Selected  SEM  photographs  from  colonized  surfaces,  a;  316L  SS  (control,  9  days  at  site  A).  b,c:  One  day  colonization  (Ti, 
316L  SS).  d:  Sample  holder  after  4  days  in  the  vicinity  of  the  vents;  e,f,g:  Two  main  bacterial  morphotypes  commonly  found  on  all  sur¬ 
faces  (4  days).  Filamentous  bacteria  forming  rosettes  on  the  surfaces  and  rod-shaped  bacteria  (Ti,  316L  SS,  PTFE);  h:  Filaments  perpen¬ 
dicular  to  the  surfaces  (PTFE);  i,j:  Multilayers  of  bacteria  on  316L  SS  and  titanium  (8  days). 
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face  of  coupons  from  the  three  sites.  Contamination 
during  the  different  steps  of  the  deployment/recovery 
procedures  was  estimated  by  examination  of  cou¬ 
pons  kept  in  the  shuttle  box  on  the  submersible  for 
a  typical  one-day  dive.  Both  SEM  and  lipid  analyses 
indicated  that  contamination  of  surfaces  during  cou¬ 
pon  deployment  and  retrieval  was  negligible. 

Most  coupons  retrieved  from  sites  I  and  2  after 
one  day  of  exposure  to  the  vent  environment  were 
colonized  by  rod-shaped  bacterial  colonies  heteroge¬ 
neously  distributed  over  their  surface  (Fig.  2b, c).  The 
Cu,  Cu-Ni  and  A1  coupons  were  sparsely  colonized 
after  one-day  exposure. 

After  four  days,  all  coupons  and  adjacent  areas  of 
the  sample  holders  at  sites  1  and  2  were  covered  with 
a  very  thick  white  biofilm  filamentous  microorgan¬ 
isms  (Fig.  2d).  Rod-shaped  and  rosette-forming  fila¬ 
mentous  microorganisms  were  the  two  dominant 
morphotypes  on  the  surfaces  of  all  coupons,  includ¬ 
ing  the  Cu  and  Cu-Ni  coupons  exposed  at  these  sites 
(Fig.  2e,f).  The  filaments  were  up  to  50  pm  length 
and  appeared  to  be  anchored  to  the  surface  at  a 
single  pole,  extending  perpendicularly  to  the  substra¬ 
tum  (Fig.  2g,h). 

After  8  days  exposure  to  the  vent  environment  the 
surface  of  all  coupons  deployed  at  sites  1  and  2  were 
colonized  by  a  filamentous  biofilm.  Biofilm  morphol¬ 
ogy  varied  with  substratum  type.  Cu  and  Cu-Ni  cou¬ 
pon  surfaces  exhibited  the  most  heterogeneous  dis¬ 
tribution  of  microorganisms.  The  biofilm  on  Al 
coupons  was  contained  within  the  aluminium  oxide 
film  on  the  surface.  Windows  of  filaments  were  fre¬ 
quently  observed  on  the  surface  of  the  SS  coupons. 
Ti  coupon  surfaces  accumulated  a  multi-layer  of  sim¬ 
ilarly-sized,  tightly-packed,  rod-shaped  bacteria  (Fig. 
2i,j).  Biofilms  dominated  by  rod-shaped  bacteria 
were  also  observed  on  the  surfaces  of  the  non-met- 
allic  coupons. 

After  12  days  exposure  to  the  vent  environment, 
Table  1 

Seawater  composition  for  exposure  sites  (sites  I  and  2)  and  site  A 


the  surface  of  all  coupons  deployed  at  sites  1  and  2 
had  accumulated  a  multi-layered  biofilm  containing 
both  rod-shaped  bacteria  and  filamentous  forms. 
Metallic  and  non-metallic  surfaces  were  similarly 
fouled  by  these  microorganisms  based  on  SEM  ob¬ 
servations. 

Surfaces  of  coupons  exposed  to  ambient  seawater 
for  9  days  at  control  site  A  contained  fewer  rod¬ 
shaped  bacteria  than  those  exposed  to  hydrothermal 
fluids  (Fig.  2a).  No  filamentous  forms  were  observed. 
No  bacteria  were  detected  on  the  copper  and  alumi¬ 
nium  surfaces. 

3. 1.  Lipid  analysis 

Twenty-six  PLFA  were  recovered  from  the  surface 
of  the  different  coupons  exposed  to  the  hydrothermal 
vent  environment.  The  total  PLFA-based  biofilm 
biomass  associated  with  the  surface  of  the  different 
coupons  was  determined  between  I  and  12  days  ex¬ 
posure  to  the  hydrothermal  vent  environment  (Fig. 
3).  The  most  rapid  increase  in  biomass  occurred  be¬ 
tween  one  and  four  days  exposure  on  all  coupons 
regardless  of  composition.  Biomass  remained  rela¬ 
tively  unchanged  between  days  4  and  8  on  coupons 
composed  of  Ti,  316L  SS,  and  the  4  synthetic  poly¬ 
mers  PC,  PTFE,  PA  and  PAc,  while  the  biomass  on 
Al,  Cu-Ni  and  Cu  increased  slowly  between  days  4- 
12.  Between  days  8-12,  biomass  on  the  Ti,  SS  and 
the  4  synthetic  polymers  increased  at  rates  compara¬ 
ble  to  those  observed  between  days  1-4.  After 
12  days  exposure,  Ti  and  316L  SS  coupons  had 
accumulated  the  greatest  biomass,  Cu,  Cu-Ni  and 
Al  accumulated  the  least  biomass,  and  4  synthetic 
polymers  accumulated  intermediate  amounts  of  bio¬ 
mass. 

In  contrast  to  the  coupons  exposed  to  the  venting 
fluids,  control  coupons  exposed  to  ambient  sea¬ 
water  at  Side  A  accumulated  a  low  PLFA-based 


Sampling  sites  pH  T  (®C)  Ca''  Mg'^  SO^  S  AO.,  ’’  PO\  ’’  Si'’ 

Site  1  7.8  10-15  9.2  47.9  26.2  <1  11.2  5  0.26  655 

Site  1(2)  7.9  10-15  9.8  48.1  26.2  <1  11. 1  5.1  0.26  648 

Site  2  7.8  10-15  9.4  48.7  26.6  <1  13.4  8.8  0.47  460 

Site  A  8.1  2  9.8  52.8  28.2  ND  15.1  0.5  1.28  152 


mmol  1"' ;  ’’jimol  1  '. 


To(.ll>LFA(Mg.cm-l)  Tol.l  PLFA  ( (ig.cm -J)  T«Ul  PLFA  ( ng.cm 
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microbial  biomass  after  9  days  of  exposure  (data  not 
shown). 

For  all  coupons  the  common  microbial  fatty  acids 
C16:l(o7,  C18:lco7  and  C18:l(o9  were  the  major 
monounsaturates,  i  and  a  Cl 5:0  and  Cl 7:0  were 
the  major  branched  chain  acids,  and  C14:0,  C16:0 
and  Cl 8:0  constituted  the  main  saturates.  With  the 
exception  of  Cl 8 :2a)  6,9  no  polyunsaturates  were 
recovered  from  the  biofilms.  Cycle  Cl 9:0  was  in 
low  abundance  (up  to  1.98%  of  the  total  acids)  on 
some  surfaces  after  4  days.  iC17:lo)7c  fatty  acid  was 
present  in  most  biofilms  after  4  days  and  its  propor¬ 
tion  increased  with  exposure  time  (Fig.  4).  lOMe 
Cl 6:0  fatty  acid  was  present  in  low  proportions  after 
12  days  on  non-metallic  surfaces,  aluminium  and 
copper  alloys  as  well.  The  diversity  of  PLFA  in¬ 
creased  with  exposure  time,  with  C16:l  and  C18:l 
0)9,  0)7  and  0)5  isomers  appearing  only  after  12  days. 
The  absence  of  ether  glycerol  in  lipid  extracts  of  the 
various  coupon  surfaces  indicated  that  archaebacte- 
ria  were  either  absent  or  below  the  level  of  detection. 

Coupons  exposed  to  site  A  for  9  days  yielded 
PLFA  profiles  that  were  similar  to  those  recovered 
from  surfaces  exposed  for  1  day  at  sites  1  and  2: 
equivalent  proportions  of  C16:lo)7  and  C18:lo)7. 
No  C18:lo)9  fatty  acid  was  present  in  the  biofilms 
at  site  A. 


4.  Discussion 

Bacterial  mats  have  been  observed  on  the  surface 
at  many  hydrothermal  sites  [17,18].  Whitish  bacterial 
mats,  similar  in  morphology  to  those  described  here, 
reportedly  cover  substrata  in  the  vicinity  of  vents  at 
the  Guaymas  basin  [19].  Natural  and  artificial  mate¬ 
rials  exposed  to  hydrothermal  features  at  the  Gala¬ 
pagos  Rift  Ocean  Spreading  Zone  at  a  depth  of 
2550  m  for  periods  ranging  from  several  days  to 
one  year  accumulated  massive  biofilms,  5  |im  to 
10  pm  in  thickness,  containing  populations  of  coc- 
coid  microorganisms  interspersed  with  filamentous 
microorganisms  [1].  However,  no  biomass  estimates 
were  obtained  from  these  substrata.  That  microbial 
morphotypes  similar  to  those  observed  at  the  Gala¬ 
pagos  Rift  Ocean  Spreading  Zone  occurred  in  bio¬ 
films  accumulating  on  the  various  artificial  substrata 
deployed  at  the  Snake  Pit  site  along  the  Mid-Atlantic 


Ridge  supports  previous  evidence  that  filamentous 
microorganisms  are  widely  dispersed  in  the  world’s 
oceans.  The  dominance  of  filamentous  forms  on  sub¬ 
strata  under  hydrothermal  influence  but  not  in  sur¬ 
rounding  areas  supports  the  idea  that  the  venting 
hydrothermal  fluids  provide  the  limiting  nutrient  or 
energy  source  for  these  organisms. 

It  has  been  difficult  to  assess  biomass  accumula¬ 
tion  rates  in  the  vicinity  of  deep-sea  hydrothermal 
vents,  primarily  because  of  inaccessibility.  The  ‘Mi¬ 
crosmoke’  cruise  permitted  frequent  excursions  to 
the  vent  environment,  facilitating  a  study  on  in  situ 
microbial  biomass  accumulation  rates  of  different 
artificial  substrata.  Coupons  of  varying  composition 
were  evaluated  to  take  into  account  the  possible  in¬ 
fluence  of  substratum  features  on  the  types  of  micro¬ 
bial  biofilms  that  colonize  the  different  natural  sub¬ 
strata  at  these  sites  and  on  rates  of  colonization  and 
biomass  accumulation.  Both  SEM  observations  and 
PLFA  profiles  indicated  that  the  coupons  deployed 
at  the  two  sites  under  the  influence  of  the  hydrother¬ 
mal  vents  were  colonized  by  similar  biofilm-forming 
microbial  populations.  After  only  4  days  exposure, 
all  surfaces  were  covered  with  a  biofilm  composed  of 
microbial  morphotypes  similar  to  those  found  in  the 
white  mats  observed  in  many  hydrothermal  deep-sea 
vents.  That  similar  populations  of  microorganisms 
accumulated  on  all  the  different  artificial  substrata 
deployed  does  not  contradict  the  possibility  that 
the  natural  surfaces  may  be  colonized  in  a  similar 
manner. 

Bacterial  biomass  associated  with  coupon  surfaces 
at  the  control  site  (site  A)  was  similar  to  that  re¬ 
ported  for  metallic  and  non-metallic  surfaces  ex¬ 
posed  to  natural  flowing  seawater  [20].  That  bacterial 
biomass  was  three  orders  of  magnitude  higher  on 
surfaces  exposed  to  the  vent  environment  than  on 
those  exposed  to  the  surrounding  ambient  deep-sea 
environment  suggests  that  the  conditions  of  the  vents 
were  more  conducive  for  colonization  and  growth  of 
these  microbes.  The  only  measured  variables  that 
appeared  different  at  the  vent  and  control  sites 
were  temperature,  ammonia  and  silica  concentra¬ 
tions.  Interestingly,  sulfide  concentrations  were  not 
significantly  different  in  spite  of  the  fact  that  sulfur 
oxidizers  and  reducers  were  detected  at  significant 
levels  at  the  vent  sites  but  not  at  the  control  site. 
The  sulfide  concentrations  reported  here  may  not 
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reflect  in  situ  concentrations  as  it  is  unstable  and 
some  may  have  been  lost  from  the  gas  phase  during 
sample  manipulation. 

Some  interesting  trends  were  observed  in  the  col¬ 
onization  behavior  of  the  microorganisms  over  the 
12-day  exposure  to  the  vent  environment.  Surfaces  of 
316L  SS  and  Ti  coupons  accumulated  the  highest 
biomass,  while  non-metallic  surfaces,  Al,  Cu  and 
Cu-Ni  surfaces  accumulated  the  least  biomass  over 
the  duration  of  the  experiment.  All  non-metallic  sur¬ 
faces  were  similarly  colonized  at  the  end  of  the  ex¬ 
periment  (Fig.  3).  The  delay  observed  in  the  coloni¬ 
zation  of  pure  Cu  and  Cu  alloy  may  be  related  to  the 
formation  of  toxic  copper  (Cu^'*')  species  at  the  sur¬ 
face  of  the  coupon.  The  protective  oxide  film  formed 
on  the  Al  coupons  in  seawater  may  have  obscured 
the  attached  microorganisms  during  SEM  examina¬ 
tion  or,  alternatively,  impeded  attachment  of  micro¬ 
organisms  on  these  surfaces. 

Two  distinct  morphological  types  of  microorgan¬ 
isms  contributed  to  the  biofilm  observed  on  both 
metallic  and  non-metallic  surfaces.  Filamentous  mi¬ 
croorganisms,  sometimes  in  rosettes,  were  heteroge¬ 
neously  distributed  over  the  surfaces,  often  overlay¬ 
ing  a  layer  of  rod-shaped  bacteria.  The  latter  formed 
mono-  or  multi-layers  by  the  end  of  the  experiment. 
However,  morphological  data  based  on  SEM  offers 
limited  insight  on  microbial  diversity  of  the  attached 
microbial  populations. 

PLFA  profiles  offer  insight  into  biofilm  bacterial 
community  structure.  The  different  fatty  acid  profiles 
obtained  at  different  sampling  times  suggest  a  suc¬ 
cession  in  bacterial  community  structure  between  1- 
12  days  in  the  vent  environment.  After  one  day, 
monounsaturates  C  16:10)7  and  C18:lo)7  were  in 
similar  proportions  for  substrata  that  had  acquired 
a  detectable  attached  microbial  population.  Interest¬ 
ingly,  trans  isomer  was  only  detected  on  non-metallic 
surfaces.  The  ratio  of  C16:0/C16:  lco7c/C18:  lco7c 
was  different  in  biofilms  from  the  Cu,  Cu-Ni  and 
Al  surfaces  than  that  of  other  coupon  materials  after 
the  one-day  exposure  period,  suggesting  that  the  mi¬ 
crobial  populations  on  these  three  material  surfaces 
were  similar  and  distinct  from  those  on  the  other 
material  surfaces. 

The  appearance  of  large  filaments  after  4  days  co¬ 
incided  with  the  predominance  of  C18:lco7  (up  to 
62%  of  the  total  surface-associated  PLFA).  The  co7 


PLFAs  are  common  to  many  Gram-negative  eubac- 
teria  and  have  been  shown  to  be  major  fatty  acids  of 
the  membrane  of  mat-forming  bacteria  at  hydrother¬ 
mal  deep-sea  vents  [21].  Membrane  lipids  of  sulfur- 
oxidizing  bacteria  have  been  described  by  several  au¬ 
thors  and  are  usually  characterized  by  large  amounts 
of  monounsaturated  fatty  acids  with  either  C16:l(o7 
or  C18:la)7  predominating  [22-25].  Thiomicrospira 
crunega,  an  obligate  chemoautotrophic  sulfur-oxidiz¬ 
ing  bacterium  isolated  from  a  deep-sea  hydrothermal 
vent,  exhibited  a  fatty  acid  profile  dominated  by 
Cl 6: 10)7  and  C18:la)7c  [17].  Filamentous  bacteria, 
identified  as  members  of  the  genus  Beggiatoa  by  glid¬ 
ing  motility  and  internal  globules  of  elemental  sulfur 
have  been  identified  in  massive  red  or  white  aggre¬ 
gations  at  the  deep-sea  hydrothermal  vents  of  the 
Guaymas  basin  [19,26].  Other  filamentous  bacteria 
common  to  the  vents  included  the  genera  Leucothrix 
and  Thiothrix  [27].  Only  the  latter  forms  rosettes 
during  growth  on  the  surfaces. 

C18:lo)9  fatty  acid  was  only  present  in  high  pro¬ 
portions  in  biofilms  formed  after  8  days  on  316L  SS, 
accounting  for  30%  of  the  total  acids.  Interestingly, 
high  concentrations  of  this  acid  corresponded  to  the 
presence  of  multiple  layers  of  rod  shaped  bacteria  on 
surfaces.  Some  budding  bacteria  have  oleic  acid 
(C18:lco9)  as  the  second  most  abundant  component 
[28].  This  acid  is  also  common  to  many  psychrophilic 
microorganisms  such  as  Pseudomonas  sp.  and  some 
Colwelliaf  Vibrio  sp.  (D.  Nichols  and  J.  Bowman,  per¬ 
sonal  communication).  Moreover,  one  species  of  the 
genus  Desulfobacter,  D.  latiis,  also  contained  oleic 
acid  as  the  dominant  PLFA  [29].  The  occurrence  of 
this  acid  as  a  major  component  of  the  total  FA  pool 
in  8-day-old  biofilms  is  unusual,  however.  To  our 
knowledge,  the  occurrence  of  C18:l(o9  as  a  major 
fatty  acid  in  sulfur-oxidizing  bacteria  has  never 
been  reported.  Its  presence  in  significant  proportions 
in  mature  microbial  biofilms  on  surfaces  exposed  to. 
hydrothermal  venting  in  the  deep  sea  deserves  fur¬ 
ther  investigation. 

At  the  end  of  the  12-day  experiment  the  presence 
of  C16:l  and  C18:l  0)9,  co7  and  0)5  cis  and  trans 
isomers  indicated  a  more  diversified  bacterial  popu¬ 
lation  on  the  surfaces. 

Significant  contributions  of  SRB  biomarkers  were 
detected  after  12  days,  particularly  on  the  metallic 
surfaces  with  the  highest  SRB  biomass  associated 
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with  the  A1  surface  (Fig.  4).  Iso  and  anteiso  Cl 5:0, 
and  particularly  i  Cl7:lco7c,  are  specific  biomarkers 
for  sulfate-reducing  bacteria.  Previous  studies  per¬ 
formed  on  sulfate  reducers  isolated  from  the  deep- 
sea  environment  have  demonstrated  the  presence  of 
these  markers  for  Desulfovibrio  species  [30]. 
iC17:la)7c  is  the  predominant  and  characteristic 
PLFA  of  Desulfovibrio  spp.  with  the  exception  of 
Desulfovibrio  gigas  [31,32].  The  presence  of  10  Me 
C16:0  in  the  absence  of  other  10  methyl-branched 
PLFA  is  a  signature  for  the  SRB  genus,  Desulfo- 
bacter  [33].  These  data  indicate  that  the  sulfate-re¬ 
ducing  bacteria,  the  genus  Desulfobacter  in  particu¬ 
lar,  appear  after  the  Thiothrix-VikQ  sulfur-oxidizing 
organisms  during  biofilm  succession  on  surfaces  ex¬ 
posed  to  the  hydrothermal  fluids  at  these  slow- 
spreading  centers  on  the  seafloor. 


5.  Conclusions 

Microbial  biomass  accumulation  rates  varied  with 
substratum.  316L  SS  and  Ti  were  colonized  faster 
than  Al,  Cu  and  Cu-Ni  alloy.  Biomass  accumulation 
rates  varied  less  among  the  non-metallic  substrata. 
Rod-shaped  bacteria  colonized  all  the  substrata 
while  large  filamentous  forms  became  abundant 
only  after  4  days  exposure  to  the  vent  environment. 
The  elevated  levels  of  Cl8:l(o7  fatty  acid  that  coin¬ 
cided  with  the  increasing  abundance  of  the  filamen¬ 
tous  forms  suggest  they  are  similar  to  those  shown  to 
oxidize  sulfur  at  other  vent  sites.  The  occurrence  of 
oleic  acid  (Cl 8:10)9)  indicated  a  change  in  commun¬ 
ity  structure  after  8  days,  coinciding  with  the  pres¬ 
ence  of  multiple  layers  of  bacteria  found  on  artificial 
substrata  deployed  in  the  vicinity  of  the  vents.  Sul¬ 
fate  reducing  bacteria  appeared  on  surfaces  exposed 
to  the  vent  fluids  after  12  days.  Filamentous  forms 
were  not  observed  on  substrata  deployed  outside  the 
vent  field.  On  the  basis  of  ether  lipid  analysis,  ar- 
chaebacteria  do  not  contribute  to  the  bacterial  bio¬ 
mass  present  on  all  surfaces  evaluated  in  this  study. 
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